Introduction {#Sec1}
============

Pesticides such as dichlorodiphenyltrichloroethane (DDT), dieldrin, paraquat, and rotenone have been considered as potential contributing factors to the development of Parkinson's disease (PD) (Baltazar et al. [@CR20]; Sandström et al. [@CR418]). Concerns about the contribution of environmental agents to parkinsonian disorders have led to epidemiological studies examining an association between human exposure to pesticides and the development of PD. Meta-analyses of these epidemiological studies confirmed a significant association between pesticide exposure and PD. Such observations are difficult to integrate into regulatory risk assessments, as exposure is currently evaluated retrospectively and indirectly in the vast majority of epidemiological studies. Therefore, these studies do not allow the identification of causal relationships (Breckenridge et al. [@CR62]; Hernández et al. [@CR193]; Van Maele-Fabry et al. [@CR499]). Moreover, epidemiological observations usually do not provide a plausible link to molecular processes known to be associated with PD pathogenesis.

The adverse outcome pathway (AOP) concept organizes heterogeneous biological and toxicological data to provide information on possible sequences of events across multiple levels of biological organization (Bal-Price et al. [@CR19]; Villeneuve et al. [@CR502], [@CR503]; Leist et al. [@CR278]). An AOP represents a linear sequence of key events (KEs) causally connected through key event relationships (KERs) that provide a plausible link between a molecular initiating event (MIE) and an adverse outcome (AO). The MIE is defined as the first specific modification of a biological target at the molecular level by a chemical that can trigger the subsequent events, leading to pathology (i.e., the AO). Notably, AOPs of regulatory significance describe a sequence of biological processes (biochemical, cellular, physiological) and not the effects (mode of action) of a specific compound (AOPs are "compound agnostic"). The most important implication of this characteristic is that they do not describe or take into account toxicokinetics. The latter cannot be described in a generic way but is inseparably coupled to the molecular identity of a toxicant. Essential criteria for the overall evaluation of AOPs is the presence of a solid basis for the (1) essentiality of KEs, (2) the biological plausibility and empirical support for KERs. The empirical support for the KER is indeed complementing the biological plausibility for the KER and the essentiality of the KEs. These principles are described in the Organisation for Economic Co-operation and Development (OECD) guidance document on the development of an AOP (<http://www.oecd-ilibrary.org>). The ratings represent a comparative measure of the degree of confidence in the supporting weight of evidence, based on acquired collective experience. In the future, the AOP framework could contribute to an integrated approach to testing and assessment (IATA) that includes absorption, distribution, metabolism, excretion (ADME) information as well as quantification of effective threshold concentrations.

In a meta-analysis by Tanner et al. (Tanner et al. [@CR485]), pesticides were classified by their presumed mechanism and not only by their chemical class. This study allowed the identification of significant associations between the inhibition of mitochondrial complex I and a parkinsonian phenotype. A causal role of complex I inhibition in the development of a parkinsonian phenotype is supported by broad evidence, and over the past 30 years, the complex I inhibitors rotenone and MPP^+^ emerged as the most widely applied experimental toxicants in PD research (Schildknecht 2017). On this basis, we constructed an AOP that describes the link between the inhibition of mitochondrial complex I and the manifestation of parkinsonian motor deficits. The full AOP (Fig. [1](#Fig1){ref-type="fig"}) can be found in the AOP Wiki (<https://aopwiki.org/aops/3>), an AOP platform established as part of the 2012 OECD AOP development work plan.

Fig. 1Schematic overview on the adverse outcome pathway (AOP) for the development of parkinsonian motor deficits by inhibitor binding to mitochondrial complex I. The AOP is initiated by binding of an inhibitor to mitochondrial complex I as the molecular initiating event (MIE), leading to the activation of a series of key events (KEs) that cover various levels of biological organization. Parkinsonian motor deficits were selected as the adverse outcome (AO) of the present AOP, based on its relevance in risk assessment. Key event relationships (KER) (indicated by arrows) represent the available experimental evidence in the literature, illustrating a quantitative relationship between a KE and its corresponding downstream KE. *Overlap with other AOPs*: overlap of KEs integrated in the AOP "Inhibition of mitochondrial complex I of nigro-striatal neurons leads to parkinsonian motor deficits" with KEs of other AOPs of the AOP-Wiki (<https://aopwiki.org>) was examined in October 2017. Mitochondrial dysfunction (KE 2) is part of 9, while Neuroinflammation (KE 5) is part of 3 other AOPs in the AOP Wiki in different stages of development

Key events {#Sec2}
==========

Key events, essential for the progression of the response evoked by inhibitor binding to complex I (MIE) towards the AO, were assessed on their essentiality, based on the present knowledge on how a KE works, on the availability of robust detection methods (Table [1](#Tab1){ref-type="table"}) and on evidence in the literature, indicating that experimental inhibition of a KE reduces or abolishes downstream KE activation. Weight of evidence analysis for the rating of KE essentiality is summarized in Table [2](#Tab2){ref-type="table"}.

Table 1Description of the individual key eventsKey eventHow this KE worksAnalytical detectionRemarks and referencesMIE: Inhibitor binding to complex IComplex I (NADH-ubiquinone oxidoreductase) acts as the initial acceptor of electrons from NADH and orchestrates the electron transfer via flavin mononucleotide (FMN) and eight iron--sulfur (Fe--S)-clusters onto ubiquinone \[1\]. Rotenoids, piercidines, myxothiazoles, and vanilloids were identified as complex I inhibitors. It is assumed that electron transfer between the terminal Fe--S-cluster N~2~ and ubiquinone or the semiquinone dismutation step is affected by the inhibitors \[2\]. The exact inhibitor binding site is controversially discussed. It is currently assumed that all hydrophobic inhibitors target a common binding domain within the ubiquinone binding pocket \[3--6\]Quantitative autoradiography or radioligand binding assay: displacement of \[^3^H\]-dihydrorotenone by an inhibitor as indicator for binding to the rotenone-binding site. Application in vitro; ex vivo (histologically or biochemically) \[7--9\]\
Complex I enzymatic activity assays of KE1 are used as indirect measures of binding: oxidation of NADH to NAD^+^, reduction of detection dye (e.g., nitroblue tetrazolium) \[3, 10\]Complex I is a very large, multiprotein complex with 14 core subunits, highly conserved from bacteria to man. The total number of subunits varies between species (mammals = 44--46)\
Most activity assays have large uncertainties\
\[1\] Sharma et al. ([@CR444]), \[2\] Okun et al. ([@CR365]), \[3\] Friedrich et al. ([@CR157]), \[4\] Degli Esposti ([@CR111]), \[5\] Ino et al. ([@CR218]), \[6\] Degli-Esposito et al. ([@CR115]), \[7\] Greenamyre et al. ([@CR175]), \[8\] Higgins and Greenamyre ([@CR198]), \[9\] Talpade et al. ([@CR483]), \[10\] Höllerhage et al. ([@CR206])KE 1: Inhibition of complex IComplex I accomplishes the coordinated reduction of ubiquinone to ubiquinol with electrons provided by the Krebs cycle in the form of NADH \[1\]. Electron transfer through complex I is coupled to H^+^ translocation out of the mitochondrial matrix \[2, 3\]. Inhibition of complex I impairs the generation of a proton gradient along the inner mitochondrial membrane and this negatively affects mitochondrial ATP generation. Accidental electron transfer from highly reduced Fe-clusters of complex I onto O~2~ leads to the formation of superoxide (^•^O~2~ ^−^) \[4, 5\]. Accumulation of NADH leads to a feedback inhibition of key dehydrogenase enzymes of the Krebs cycleDirect methods\
 Complex I activity assay (forward): photometric detection of NADH consumption and electron acceptor reduction (e.g., nitroblue tetrazolium) \[6, 7\]\
 Complex I activity assay (reverse): electron entry via complex II (succinate). Photometric detection of NADH \[8\]\
Indirect methods\
 Under conditions favoring dependence on complex I\
 O~2~ consumption: isolated mitochondria, intact cells\
 Enzymatic detection of cellular ATP \[8--13\]\[1\] Lenaz et al. ([@CR280]), \[2\] Brandt ([@CR60]), \[3\] Treberg and Brand ([@CR495]), \[4\] Spinazzi et al. ([@CR470]), \[5\] Long et al. ([@CR299]), \[6\] Ernster and Lee ([@CR133]), \[7\] Kirby et al. ([@CR238]), \[8\] Höllerhage et al. ([@CR206]), \[9\] Wang and Wolfbeis ([@CR510]), \[10\] Salabei et al. ([@CR416]), \[11\] Nguyen et al. ([@CR352]), \[12\] Leist et al. ([@CR276])KE 2: Mitochondrial dysfunctionMitochondrial dysfunction is characterized by one or more of the following features: inhibition of the respiratory chain, loss of the mitochondrial transmembrane potential, decline in ATP production; elevated formation of ROS, disturbances in mitochondrial Ca^2+^ handling, deregulation of fission/fusion processes, opening of the mitochondrial permeability transition pore, release of pro-apoptotic factors (e.g., cytochrome *c*, apoptosis inducing factor). The state "dysfunction" is context-dependent. The individual features of dysfunction are related to one another by feed-forward loops \[1--4\]Detection of oxygen consumption\
Assessment of mitochondrial membrane potential by fluorescent dyes that accumulate in mitochondria with intact membrane potential\
Detection of mitochondrial permeability transition pore opening by analysis of, e.g., cytochrome *c*, adenylate kinase, apoptosis inducing factor \[5--10\]\
Assessment of mitochondrial DNA damage \[11\]\
Detection of reactive oxygen species (ROS) by fluorescent dyes interacting with free radicals \[12--15\]Different measures of mitochondrial dysfunction, different sensitivities. Not all features may be observed to the same degree. It is not clear which aspect of mitochondrial dysfunction triggers KE 3 and KE 4\
\[1\] Lin and Beal ([@CR290]), \[2\] Graier et al. ([@CR174]), \[3\] Braun ([@CR61]), \[4\] Correia et al. ([@CR97]), \[5\] Hafner et al. ([@CR182]), \[6\] Ciapaite et al. ([@CR91]), \[7\] Petronilli et al. ([@CR380]), \[8\] Barrientos and Moraes ([@CR26]), \[9\] Llaudet et al. ([@CR297]), \[10\] Lemasters et al. ([@CR279]), \[11\] Sanders et al. ([@CR417]), \[12\] Grivennikova and Vinogradov ([@CR178]), \[13\] McCord and Fridovich ([@CR318]), \[14\] Zhou et al. ([@CR538]), \[15\] Ruch et al. ([@CR413])KE 3: Impaired\
proteostasisProteostasis describes a coordinated balance between the synthesis, modification, transport, and degradation of proteins in a cell. Disturbances in proteostasis can lead to a loss of the genuine function of a protein or to the gain of undesired properties. Two major controllers of proteostasis are protein degradation and cellular transport mechanisms. The two major degradation systems in a cell are the \[1--3\]\
Ubiquitin proteasomal system (UPS) \[4--9\], and the autophagy--lysosomal pathway (ALP); responsible for the degradation of proteins, protein aggregates, or even organelles. Disturbed protein degradation or trafficking often leads to inappropriate protein accumulation in cells, ranging from protein aggregates (e.g., alpha synuclein) to whole mitochondria \[10--20\]Ubiquitin proteasomal system (UPS)\
 Detection of ubiquitinated proteins by western blot\
 UPS activity assay: degradation of fluorigenic substrates can be used to quantify enyzmatic UPS activity\
 Staining aggregation of exemplary proteins (e.g., alpha synuclein) as readout for impaired protein degradation \[21--24\]\
Autophagy--lysosomal pathway (ALP)\
 Staining of lysosomes as ALP marker\
 Detection of autophagic flux: ^14^C labeled intracellular proteins; detection of ^14^C in supernatant over time\
 Assessment of LC3-I to LC-3 II conversion: LC3-II (post translational modification) correlates with the number of autophagosomes \[25--29\]Disturbed proteostasis is a broad KE, comprising various cellular reactions. As in several degenerative states, multiple reactions converge on a relatively homogenous system state. Here, it is the formation of protein precipitates and of intermediates to this state, and this is widely accepted as KE in parkinsonian pathology\
\[1\] Lee et al. ([@CR274]), \[2\] Korolchuk et al. ([@CR255]), \[3\] Kroemer et al. ([@CR258]), \[4\] Ciechanover ([@CR92]), \[5\] Ciechanover and Brundin ([@CR93]), \[6\] Li et al. ([@CR217]), \[7\] Spillantini et al. ([@CR469]), \[8\] Sulzer and Zecca ([@CR479]), \[9\] McNaught and Jenner ([@CR323]), \[10\] Kuma et al. ([@CR261]), \[11\] Cuervo ([@CR99]), \[12\] Mizushima et al. ([@CR333]), \[13\] Bartels et al. ([@CR27]), \[14\] Bellucci et al. ([@CR33]), \[15\] Shacka et al. ([@CR441]), \[16\] Pivtoraiko et al. ([@CR388]), \[17\] Chartier-Harlin et al. ([@CR80]), \[18\] Kitada et al. ([@CR242]), \[19\] Leroy et al. ([@CR282]), \[20\] Plowey et al. ([@CR389]), \[21\] Bence et al. ([@CR35]), \[22\] Kisselev and Goldberg ([@CR241]), \[23\] Rideout et al. ([@CR406]), \[24\] Ortega and Lucas ([@CR368]), \[25\] Klionsky et al. ([@CR244]), \[26\] Munafó and Colombo ([@CR343]), \[27\] Rajapakshe et al. ([@CR398]), \[28\] Kadowaki and Karim ([@CR230]), \[29\] Bauvy et al. ([@CR29])KE 4: DA neurodegeneration in the nigrostriatumNeurons of the substantia nigra project into the striatum to release dopamine. In the striatum, DA has an excitatory (D1 receptors) and inhibitory (D2 receptors) influence on GABAergic striatal interneurons; DA augments (by both pathways) the thalamic output to the motor cortex\
A decline of striatal DA, therefore, leads to a decreased thamalic input to the cortex from the basal ganglia motor control loop. In idiopathic and genetic forms of Parkinson's disease, or after exposure to toxicants such as MPTP, a preferential degeneration of nigrostriatal DA neurons is observed \[1--4\]Labeling/expression levels of DA markers \[tyrosine hydroxylase (TH), DA transporter (DAT), vesicular monoamine transporter (VMAT-2)\] by western blot, immunocytochemistry \[5\]\
Counting of TH, DAT, VMAT-positive neurons, or of dopaminergic terminals in the striatum \[6--10\]\
Detection of DA, and its degradation products DOPAC (3,4-dihydroxyphenylacetic acid) and HVA (homovanillic acid) by HPLC, mass spectrometry \[11\]\
^18^F-Dopa-positron emission tomography (PET) based quantification of DA-transporters (DAT, VMAT-2) \[12, 13\]Anatomy and function of the nigrostriatal system is similar in mammals. Evidence on this KE is particularly broad and solid across multiple situations, models and species. However, standard histology and standard 28/90-day studies do not measure this KE\
\[1\] Fujita et al. ([@CR158]), \[2\] Obeso et al. ([@CR359]), \[3\] Obeso et al. ([@CR360]), \[4\] Blandini et al. ([@CR48]), \[5\] Schmued et al. ([@CR434]), \[6\] Betarbet et al. ([@CR43]), \[7\] Fetissov and Marsais ([@CR146]), \[8\] Dauer and Przedborski ([@CR103]), \[9\] Hirata et al. ([@CR199]), \[10\] Tong et al. ([@CR493]), \[11\] Fornai et al. ([@CR152]), \[12\] Schapira ([@CR424]), \[13\] Leenders et al. ([@CR275])KE 5: NeuroinflammationNeuroinflammation describes the activation of microglia and astrocytes, manifested by a shape change, induction of pro-inflammatory enzymes and cytokines, and a migration towards the site of damage. In response to pathogens or to damaged neurons, microglia are initially activated and subsequently they promote the reaction of astrocytes. Reactive glial cells represent rich sources of nitric oxide (^•^NO), superoxide (^•^O~2~ ^−^), and cytokines, thus possibly contributing to the damage of adjacent neurons. Chronic neurodegenerative diseases such as Parkinson's disease are characterized by a persistent inflammatory activation of glial cells \[1--10\]Detection of microglia per volume of brain mass (CD11b, Iba1, Isolectin B4 staining) \[11, 12\]\
Live detection by PET imaging of microglial markers, e.g., by \[^11^C\]-PK 11195 \[13\]\
Detection of shape change of microglia and astrocytes \[14\]\
Detection of the astrocyte marker GFAP, that is upregulated upon inflammatory activation \[15, 16\]\
Detection of pro-inflammatory markers in glial cells by PCR, western blot, staining (in vitro, in vivo) \[17\]Glial activation is found in all neurodegenerative conditions, but the exact activation state is often undefined and may be heterogenous. For microglia, at least two major states (M1 and M2) can be distinguished. Neurotoxic astrocytes can, e.g., be induced by activated microglia \[18\], whereas an alternative activation of astrocytes by microglia via P2Y1 receptor downregulation leads to neuroprotective conditions \[19\]. Therefore, a more exact characterization of this KE is required\
\[1\] Aschner ([@CR14]), \[2\] Graeber and Streit ([@CR173]), \[3\] Monnet-Tschudi et al. ([@CR336]), \[4\] Streit et al. ([@CR475]), \[5\] Kraft and Harry ([@CR257]), \[6\] Claycomb et al. ([@CR95]), \[7\] Brown and Bal-Price ([@CR67]), \[8\] Nakajima and Kohsaka ([@CR347]), \[9\] Falsig et al. ([@CR139]), \[10\] Falsig et al. ([@CR138]), \[11\] Monnet-Tschudi et al. ([@CR337]), \[12\] von Tobel et al. ([@CR508]), \[13\] Banati ([@CR21]), \[14\] Falsig et al. ([@CR137]), \[15\] Eng et al. ([@CR132]), \[16\] Struzynska et al. ([@CR477]), \[17\] Kuegler et al. ([@CR260]), \[18\] Liddelow et al. ([@CR288]), \[19\] Shinozaki et al. ([@CR453])Adverse outcome: Parkinsonian motor deficitsMotor information is modulated by the basal ganglia of the extrapyramidal system and returned to the motor cortex from where the processed information is projected to the periphery. The striatum represents the key modulatory site. Levels of DA in the striatum influence the degree of stimulatory output of the basal ganglia system that returns to the motor cortex and hence positively affects motor output to the periphery. A reduction of striatal DA, as consequence of nigrostriatal DA neurodegeneration, results in an inhibition of the terminal output nucleus and hence to a reduced feedback loop signal back to the motor cortex. By its involvement in a complex series of interactions between various basal ganglia, a reduction of striatal DA leads to an impaired motor output \[1--11\]Behavioral tests\
 *Rotation*: unilateral lesion of nigrostriatal DA neurons by experimental toxicants; asymmetric motor behavior (rotations upon stimulation with amphetamine) \[12\]\
 *Rotarod*: assessment of motor coordination. Animals are placed on a rotating rod. Detection of the latency to fall \[13\]\
 *Hang test*: a grid is inverted with the animal hanging upside down: detection of the time the animal hangs on the grid \[14\]\
 *Forepaw stride length*: the distance between single steps is measured \[15\]\
 *Grid test*: mice hang upside down on a grid, the percentage of unsuccessful forepaw steps is detected \[16\]\
 *Akinesia*: the animal is placed on a flat surface, the latency until movement of all four limbs is assessed\
 *Open field test*: detection of locomotion, distance travelled, number of rearings\
 *Pole test*: animal on a pole, head upwards. Detection of the time required for 180° turn and the time the animal requires to reach the floorNote that the AOP is not Parkinson's disease. It is rather a defined set of particular motor symptoms. These are found in PD together with other features and symptoms, but they are also found after exposure to various toxicants damaging the nigrostriatal system \[17\]\
\[1\] Barnes ([@CR25]), \[2\] Bernheimer et al. ([@CR42]), \[3\] Silverdale et al. ([@CR461]), \[4\] Smith et al. ([@CR465]), \[5\] Bolam et al. ([@CR54]), \[6\] Gerfen et al. ([@CR164]), \[7\] Mitchell et al. ([@CR331]), \[8\] Smith and Kieval ([@CR464]), \[9\] Yuan et al. ([@CR532]), \[10\] Heimer et al. ([@CR190]), \[11\] Odekerken et al. ([@CR362]), \[12\] Ungerstedt and Arbuthnott ([@CR497]), \[13\] Jones and Roberts ([@CR229]), \[14\] Tillerson and Miller ([@CR490]), \[15\] Klapdor et al. ([@CR243]), \[16\] Crawley ([@CR98]), \[17\] Tieu ([@CR488])The table provides a condensed overview on the underlying mechanisms of the key events, including the most widely applied analytical detection methods

Table 2Essentiality of key eventsKey eventInterventionsWeight of evidenceEssentialityKE 1: Inhibition of complex IExpression of the inhibitor-insensitive oxidoreductase NDI-1, or circumvention of complex I by alternative electron shuttles protect from complex I inhibitor-dependent mitochondrial dysfunction, impaired proteostasis, and degeneration of DA neurons \[1--6\]A strong experimental basis indicates the activation of KE~downstream~ upon KE 1 activation as well as their absent activation upon inhibition of KE 1 activationThe available experimental basis allows rating of KE 1 essentiality as: STRONGKE 2: Mitochondrial dysfunctionAntioxidants, or maintenance of cellular ATP by creatine/phosphocreatine, protects from impaired proteostasis and from neurodegeneration \[7--19\]Mitochondrial dysfunction summarizes a set of complex processes (e.g., decline in respiration, ROS formation, etc.). Experimental interference with the most prominent features of mitochondrial dysfunction clearly shows absence of KE~downstream~ activationThe available experimental basis allows rating of KE 2 essentiality as: STRONGKE 3: Impaired proteostasisStimulation of autophagy protects from DA neurodegeneration \[20, 21\]Following complex I inhibition, no unifying picture on the role of autophagy (activation, inhibition) emerged so far. Only moderate experimental evidence for a causal relationship between KE 3 and KEs~downstream~ in the absence of KE 1 and KE 2 is currently availableThe available experimental basis allows rating of KE 3 essentiality as: MODERATEKE 4: DA NeurodegenerationSupplementation with L-DOPA, or replacement of degenerated DA neurons by transplants reverses parkinsonian motor deficits \[22--39\]A strong experimental basis is available for the association between nigrostriatal DA neurodegeneration and the onset of the AO in rodents, monkeys and humans exposed to complex I inhibitors. Strong evidence indicates the reversibility of AO effects by DA neuron replacementThe available experimental basis allows rating of KE 4 essentiality as: STRONGKE 5: NeuroinflammationIntervention with pro-inflammatory signaling cascades (e.g., IL-1β, IFN-γ, TNF-α) protects from neurodegeneration and from the onset of parkinsonian motor deficits \[40--52\]Neuroinflammation is regularly observed in association with complex I inhibitor action in vivo. However, quantitative information on the extent and type of neuroinflammation are missing. Neuroinflammation acts as self-amplifying feed-forward mechanism that impedes its linear integration into the structure of the present AOPThe available experimental basis allows rating of KE 5 essentiality as: MODERATEAssessment of the essentiality of the KEs is based on the availability of reliable assays for their quantitative detection (Fig. [2](#Fig2){ref-type="fig"}) and on their relevance in the progression of the biological perturbation, ultimately leading to the AO. The table lists the most robust intervention strategies at the respective KE that result in the absence of KE~downstream~ activationReferences: \[1\] Seo et al. ([@CR438]), \[2\] Sherer et al. ([@CR448]), \[3\] Sharma et al. ([@CR444]), \[4\] Hirst ([@CR201]); \[5\] Vinogradov et al. ([@CR505]), \[6\] Albracht et al. ([@CR6]), \[7\] Beal ([@CR30]), \[8\] Przedborski et al. ([@CR393]), \[9\] Zhang et al. ([@CR535]), \[10\] Filomeni et al. ([@CR148]), \[11\] Wang et al. ([@CR515]), \[12\] Nataraj et al. ([@CR348]), \[13\] Lee et al. ([@CR273]), \[14\] Tseng et al. ([@CR496]), \[15\] Liu et al. ([@CR295]), \[16\] Thomas et al. ([@CR486]), \[17\] Pöltl et al. ([@CR390]), \[18\] Bose and Beal ([@CR57]), \[19\] Brownell et al. ([@CR68]), \[20\] Pan et al. ([@CR375]), \[21\] Seo et al. ([@CR440]), \[22\] Lloyd et al. ([@CR298]), \[23\] Yam et al. ([@CR526]), \[24\] Gilmour et al. ([@CR166]), \[25\] Heimer et al. ([@CR189]), \[26\] Papa et al. ([@CR376]), \[27\] Hutchinson et al. ([@CR215]), \[28\] Levy et al. ([@CR283]); \[29\] Parkinson Study Group ([@CR377]), \[30\] Pålhagen et al. ([@CR371]); \[31\] Pålhagen et al. ([@CR372]), \[32\] Parkinson Study Group ([@CR378]), \[33\] Olanow et al. ([@CR366]), \[34\] Widner et al. ([@CR517]), \[35\] Kordower et al. ([@CR253]), \[36\] Kordower et al. ([@CR252]), \[37\] Mendez et al. ([@CR327]), \[38\] Schumacher et al. ([@CR436]), \[39\] Ben-Hur et al. ([@CR36]), \[40\] Tanaka et al. ([@CR484]), \[41\] Mount et al. ([@CR342]), \[42\] Ferger et al. ([@CR144]), \[43\] Leng et al. ([@CR281]), \[44\] Sriram et al. ([@CR471]), \[45\] Sriram et al. ([@CR472]), \[46\] Qin et al. ([@CR395]), \[47\] McCoy et al. ([@CR319]), \[48\] Castaño et al. ([@CR73]), \[49\] Brochard et al. ([@CR66]), \[50\] Reynolds et al. ([@CR405]), \[51\] Laurie et al. ([@CR266]), \[52\] Liu et al. ([@CR296])

Fig. 2Key event relationship 1 (KER 1), linking inhibitor binding to complex I (MIE) and the inhibition of complex I (KE 1). The table shows the result of a qualitative assessment of KER 1 on a 3 point scale (weak, moderate, strong). Biological plausibility and experimental support were rated "strong", according to the available body of experimental support in the literature. However, the molecular mechanisms associated with electron transfer along the respiratory chain, as well as the sites of inhibitor binding and the mechanisms underlying inhibitor-dependent inactivation of complex I, are not fully elucidated yet. *NADH* nicotinamide adenine dinucleotide, *ATP* adenosine triphosphate, *NDI-1* yeast NADH dehydrogenase. References: \[1\] Suzuki and King ([@CR482]), \[2\] Kotlyar et al. ([@CR256]), \[3\] van Belzen et al. ([@CR498]), \[4\] Palmer et al. ([@CR373]), \[5\] Degli Esposti et al. ([@CR115]), \[6\] Friedrich et al. ([@CR157]), \[7\] Ohnishi ([@CR364]), \[8\] Lümmen ([@CR304]), \[9\] Brand ([@CR59]), \[10\] Genova et al. ([@CR163]), \[11\] Galkin and Brandt ([@CR160]), \[12\] Lambert and Brand ([@CR263]), \[13\] Schildknecht et al. ([@CR428]), \[14\] Okun et al. ([@CR365]), \[15\] Talpade et al. ([@CR483]), \[16\] Ino et al. ([@CR218]), \[17\] Greenamyre et al. ([@CR175]), \[18\] Higgins and Greenamyre ([@CR198]), \[19\] Grivennikova et al. ([@CR179]), \[20\] Greenamyre et al. ([@CR176]), \[21\] Lambert and Brand ([@CR263]), \[22\] Ichimaru et al. ([@CR216]), \[23\] Okun et al. ([@CR365]), \[24\] Cleeter et al. ([@CR96]), \[25\] Friedrich et al. ([@CR157]), \[26\] Degli Esposti et al. ([@CR113]); \[27\] Degli Esposti and Ghelli ([@CR112]), Degli Esposti et al. ([@CR114]), \[28\] Höllerhage et al. ([@CR206]), \[29\] Seo et al. ([@CR438]), \[30\] Sherer et al. ([@CR448]), \[31\] Sharma et al. ([@CR444]), \[32\] Hirst ([@CR201]), \[33\] Vinogradov et al. ([@CR505]), \[34\] Albracht et al. ([@CR6])

Experimental studies illustrating a direct correlation between two adjacent KEs were also listed in the "experimental support" section of the respective KERs and in the respective figures. This organization of information is not fully in line with the recommendations of the AOP handbook. However, we opted for this solution for two reasons: (1) it allows a concise overview of the vast body of information included in the full version of the present AOP (AOP 3, AOP Wiki), as required for a journal article; (2) for many academic researchers, it is easier to understand the importance of a KER, if not only correlative data around the KER are present, but if this is combined with experimental evidence that modulation of the KE directly upstream of the KER leads to a modulation of the KE directly downstream of the respective KER.

Key event relationships (KERs) {#Sec3}
==============================

KER 1: relationship between "binding of an inhibitor to mitochondrial complex I" (MIE) and "complex I inhibition" (KE 1) (Fig. [2](#Fig2){ref-type="fig"}) {#Sec4}
----------------------------------------------------------------------------------------------------------------------------------------------------------

### Biological plausibility {#Sec5}

Oxidation of nicotinamide adenine dinucleotide (NADH) is catalyzed by the flavine mononucleotide moiety of complex I (Vinogradov [@CR504]; Degli and Ghelli [@CR112]). In a sequential manner, the two electrons of NADH are transferred along a chain of eight Fe--S clusters to the ubiquinone-binding site where they reduce ubiquinone (Q), via ubisemiquinone (^•^Q) formation, to ubiquinol (QH~2~) (Kotlyar et al. [@CR256]; Suzuki and King [@CR482]; van Belzen et al. [@CR498]). The majority of complex I inhibitors block the electron transfer onto ubiquinone (Palmer et al. [@CR373]). Complex I inhibitors were categorized into three classes based on their potential binding site (Degli Esposti [@CR111]; Friedrich et al. [@CR157]). However, more recent research indicates the presence of a single inhibitor-binding pocket in the hydrophobic ubiquinone-binding region of complex I with several binding sites for structurally diverse inhibitors (Okun et al. [@CR365]). The majority of currently described complex I inhibitors either prevent access of ubiquinone to its binding site, or the inhibitors act as electron acceptors interfering with the Fe--S cluster electron transport chain (Lümmen [@CR304]; Ohnishi [@CR364]). In all of these inhibitor-mediated cases, blockade causes electrons to back up, resulting in the full reduction of upstream Fe--S clusters (Brand [@CR59]). These conditions promote an uncoordinated flux of electrons from reduced sites of complex I onto molecular oxygen to form the superoxide radical anion (^•^O~2~ ^−^) (Grivennikova and Vinogradov [@CR178]; Liu et al. [@CR292]), and they all prevent reduction of ubiquinone and thus the transfer of electrons through complexes III and IV to molecular oxygen. The N~2~ cluster, as well as flavine in its fully reduced or semiquinone form, have been suggested as molecular sites of superoxide formation upon complex I inhibition. These observations, however, are all dependent on the experimental system and procedures applied. Hence, they allow no generally accepted conclusion on the precise molecular site responsible for superoxide formation upon complex I inhibition (Brand [@CR59]; Galkin and Brandt [@CR160]; Genova et al. [@CR163]; Lambert and Brand [@CR263]).

### Empirical support {#Sec6}

The experimental basis for a causal relationship between inhibitor binding and complex I inhibition is based on experiments performed with submitochondrial particles, isolated mitochondria, and neuronal cell cultures. Real-time displacement tests using fluorescent (e.g., aminoquinazoline) or radioactively labeled complex I inhibitors and their derivatives (e.g., ^3^H-dihydrorotenone, ^3^H-AE F119209) provide direct evidence for the binding of complex I inhibitors (Greenamyre et al. [@CR175]; Higgins and Greenamyre [@CR198]; Ino et al. [@CR218]; Okun et al. [@CR365]; Talpade et al. [@CR483]). Complex I activity is assessed by detection of NADH oxidation (Gluck et al. [@CR170]; Höllerhage et al. [@CR206]; Shimomura et al. [@CR451]). Time- and concentration-dependent inhibition of complex I in submitochondrial particles or isolated mitochondria was observed with rotenoids, piercidines, myxobacterial antibiotics, and vanilloids such as capsaicin (Cleeter et al. [@CR96]; Degli Esposti et al. [@CR113], [@CR114]; Friedrich et al. [@CR157]; Greenamyre et al. [@CR176]; Grivennikova et al. [@CR179]; Höllerhage et al. [@CR206]; Ichimaru et al. [@CR216]; Lambert and Brand [@CR263]; Miyoshi [@CR332]; Okun et al. [@CR365]). The inhibitory action of complex I inhibitors on electron transfer onto ubiquinone was independently confirmed by the expression of the inhibitor-insensitive oxidoreductase NDI-1 from *Saccharomyces cerevisiae* in cell models, which circumvents complex I and allows maintenance of the normal respiratory chain electron flux (Seo et al. [@CR438]; Sherer et al. [@CR448]).

### Uncertainties {#Sec7}

The question of how electron transfer is coupled to proton pumping has still not been answered in a conclusive manner (Hirst [@CR201]; Sharma et al. [@CR444]). Electron paramagnetic resonance (EPR) analyses indicated the presence of two ubisemiquinone species during electron transport (Vinogradov et al. [@CR505]). However, it is not known whether these species represent two independent ubisemiquinone molecules or two forms of the same semiquinone (Albracht et al. [@CR6]). Inhibitor binding studies are performed with submitochondrial particles, containing membranes. Due to the lipophilicity of most complex I inhibitors, these investigations suffer from high background values as a result of unselective membrane binding (Horgan and Casida [@CR210]). Although complex I inhibitors prevent ubiquinol formation, the precise inhibitor binding site(s) have not been identified yet. Furthermore, it is not evident whether ^•^O~2~ ^−^ generation upon complex I inhibition is mainly derived from F--S cluster or from semiquinone-dependent electron transfer onto molecular oxygen.

KER 2: relationship between "complex I inhibition" (KE 1) and "mitochondrial dysfunction" (KE 2) (Fig. [3](#Fig3){ref-type="fig"}) {#Sec8}
----------------------------------------------------------------------------------------------------------------------------------

Fig. 3Key event relationship 2 (KER 2), linking the inhibition of complex I (KE 1) and mitochondrial dysfunction (KE 2). The table shows the result of a qualitative assessment of KER 2 on a 3 point scale (weak, moderate, strong). Biological plausibility and empirical evidence were rated "strong", based on the vast body of experimental evidence available in the literature. A threshold of complex I inhibition, necessary for the induction of mitochondrial dysfunction, has so far not been defined in the literature. Similar limitations apply for the quantitative assessment, respectively, the definition, of mitochondrial dysfunction. *ATP* adenosine triphosphate, *DA* dopamine, *PD* Parkinson's disease, *NDUFS* subunits of NADH-ubiquinone oxidoreductase (complex I), *ROS* reactive oxygen species, *NDI-1* yeast NADH dehydrogenase. References: \[1\] Wirth et al. ([@CR520]), \[2\] Friedrich et al. ([@CR157]), \[3\] Mailloux ([@CR309]), \[4\] Fernandez-Moreira et al. ([@CR145]), \[5\] Berger et al. ([@CR39]), \[6\] Hoefs et al. ([@CR202]), \[7\] Janssen et al. ([@CR225]), \[8\] Lazarou et al. ([@CR267]), \[9\] Dunning et al. ([@CR125]), \[10\] Ogilvie et al. ([@CR363]), \[11\] Saada et al. ([@CR414]), \[12\] Pagliarini et al. ([@CR370]), \[13\] Koopman et al. ([@CR251]), \[14\] Sheehan et al. ([@CR446]), \[15\] Willems et al. ([@CR518]), \[16\] Ye et al. ([@CR528]), \[17\] Han et al. ([@CR184]), \[18\] Dukes et al. ([@CR124]), \[19\] Wang et al. ([@CR513]), \[20\] Li et al. ([@CR286]), \[21\] Giordano et al. ([@CR167]), \[22\] Piao et al. ([@CR383]), \[23\] Wu et al. ([@CR523]), \[24\] Bi et al. ([@CR47]), \[25\] Nakai et al. ([@CR346]), \[26\] Brownell et al. ([@CR68]), \[27\] Koga et al. ([@CR246]), \[28\] Seo et al. ([@CR438]), \[29\] Sherer et al. ([@CR448]), \[30\] Shults et al. ([@CR458]), \[31\] Moon et al. ([@CR338]), \[32\] Wen et al. ([@CR516]), \[33\] Yang et al. ([@CR527]), \[34\] Matthews et al. ([@CR317]), \[35\] Beal ([@CR30]); \[36\] Przedborski et al. ([@CR393]), \[37\] Zhang et al. ([@CR535]), \[38\] Filomeni et al. ([@CR148]), \[39\] Wang et al. ([@CR515]), \[40\] Nataraj et al. ([@CR348]), \[41\] Lee et al. ([@CR273]), \[42\] Tseng et al. ([@CR496]), \[43\] Liu et al. ([@CR295]), \[44\] Thomas et al. ([@CR486]), \[45\] Pöltl et al. ([@CR390]), \[46\] Bose and Beal ([@CR57]), \[47\] Brownell et al. ([@CR68]), \[48\] Choi et al. ([@CR87]), \[49\] Höllerhage et al. ([@CR206])

### Biological plausibility {#Sec9}

Complex I represents the principal gateway for the entry of electrons into the mitochondrial respiratory chain (Friedrich et al. [@CR157]; Wirth et al. [@CR520]). A functional respiratory chain generates a proton gradient across the inner mitochondrial membrane, exploited in a subsequent step by mitochondrial ATPases to generate ATP (Brandt [@CR60]; Mailloux [@CR309]). Disturbances in the electron transfer through complex I lead to an impaired proton gradient and reduced ATP generation. As a consequence of limited ATP availability, mitochondrial Ca^2+^ homeostasis is disturbed, thus contributing to mitochondrial dysfunction (high energy demand of Ca^2+^ ATPases) (Sheehan et al. [@CR446]; Willems et al. [@CR518]). In parallel to the reduction in ATP generation, blockade of the electron flow along the respiratory chain results in an accidental reduction of molecular oxygen to form superoxide (^•^O~2~ ^−^) (Mailloux [@CR309]). Elevated reactive oxygen species (ROS) levels promote oxidative damage of mitochondrial DNA, proteins, and lipids, and trigger mitochondrial fragmentation (Koopman et al. [@CR251]; Willems et al. [@CR519]). The loss of the mitochondrial transmembrane potential, impaired mitochondrial ATP generation, disturbances in mitochondrial Ca^2+^ homeostasis, as well as the production of harmful ROS levels are features collectively referred to as mitochondrial dysfunction (Bose and Beal [@CR57]). Deficiencies in complex I activity are regularly observed in association with mutations in mtDNA or nuclear DNA-encoded complex I genes. Mutations in nuclear-encoded complex I genes have been demonstrated for 12 structural subunits of complex I (Berger et al. [@CR39]; Fernandez-Moreira et al. [@CR145]; Hoefs et al. [@CR202]) and for five complex I assembly factors (Dunning et al. [@CR125]; Janssen et al. [@CR225]; Lazarou et al. [@CR267]; Ogilvie et al. [@CR363]; Pagliarini et al. [@CR370]; Saada et al. [@CR414]). Fibroblasts of patients with such complex I mutations exhibit a decreased mitochondrial transmembrane potential and mitochondrial ATP generation, as well as elevated ^•^O~2~ ^−^ formation by complex I and hence meet the definition of mitochondrial dysfunction (Koopman et al. [@CR251]).

### Empirical support {#Sec10}

Experimental support for a causal relationship between complex I inhibition and mitochondrial dysfunction is largely based on observations made with the complex I inhibitors rotenone and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). A rich experimental basis indicates the direct correlation between complex I inhibition and the emergence of features of mitochondrial dysfunction in cellular and in vivo models exposed to rotenone or MPTP/MPP^+^ (Bi et al. [@CR47]; Dukes et al. [@CR124]; Giordano et al. [@CR167]; Han et al. [@CR184]; Li et al. [@CR286]; Nakai et al. [@CR346]; Piao et al. [@CR383]; Schildknecht et al. [@CR428]; Scholz et al. [@CR435]; Wang et al. [@CR513]; Wu et al. [@CR523]; Ye et al. [@CR528]). Initial studies using proton magnetic resonance spectroscopy (^1^H-MRS) and positron emission tomography (PET) have illustrated the onset of mitochondrial dysfunction by live measurements in living animals exposed to MPTP (Brownell et al. [@CR68]; Koga et al. [@CR246]). Experimental interventions to prevent impaired mitochondrial ATP generation, e.g., by expression of the inhibitor-insensitive oxidoreductase NDI-1 from *S. cerevisiae* to circumvent impaired endogenous complex I, protect from mitochondrial dysfunction (Seo et al. [@CR438]; Sherer et al. [@CR448]). Application of alternative electron shuttles, such as methylene blue or coenzyme Q~10~, (Moon et al. [@CR338]; Shults et al. [@CR458]; Wen et al. [@CR516]) or boosting of cellular ATP levels by supplementation of cells exposed to complex I inhibitors with creatine/phosphocreatine (Beal [@CR30]; Matthews et al. [@CR317]; Yang et al. [@CR527]) also protect from mitochondrial dysfunction and neuronal demise.

The second strategy to protect from impaired complex I-dependent mitochondrial dysfunction targets complex I-mediated ^•^O~2~ ^−^ formation. Overexpression of superoxide dismutase (SOD) protects from the toxic influence of MPTP (Przedborski et al. [@CR393]) whereas knockdown of endogenous SOD elevates the sensitivity of mice towards MPTP-dependent mitochondrial dysfunction and nigrostriatal cell loss (Zhang et al. [@CR535]). In cellular and in vivo models exposed to rotenone or MPTP, antioxidants protect from complex I inhibition-dependent mitochondrial dysfunction (Filomeni et al. [@CR148]; Lee et al. [@CR273]; Liu et al. [@CR295]; Nataraj et al. [@CR348]; Thomas et al. [@CR486]; Tseng et al. [@CR496]; Sherer et al. [@CR448]; Wang et al. [@CR515]).

A more detailed analysis indicates a mutual interaction between ROS and complex I. While complex I acts as a potent source of ^•^O~2~ ^−^ following its inhibition, an experimental decline of cellular glutathione levels (e.g., γ-glutamylcysteine synthetase knockdown, treatment with buthionine sulfoximine) (Jha et al. [@CR227]; Chinta and Andersen [@CR85]) correlates with a reduction of complex I activity, the onset of mitochondrial dysfunction, and ultimately with the demise of dopaminergic (DA) neurons. All of these KEs were prevented by the application of thiol antioxidants such as dithiothreitol (DTT) or *N*-acetylcysteine (NAC) (Chinta and Andersen [@CR85]; Jha et al. [@CR227]). Mechanistic investigations unraveled reversible S-nitrosation of complex I, leading to its inhibition (Dahm et al. [@CR101]; Burwell et al. [@CR69]). Thiol antioxidants evoke a de-nitrosation and are associated with a re-activation of complex I, preventing mitochondrial dysfunction and protecting from neurodegeneration (Dahm et al. [@CR101]; Borutaite et al. [@CR56]).

These observations indicate that targeting either impaired ATP generation or elevated ^•^O~2~ ^−^ formation as the two direct consequences of complex I inhibition, represents an effective intervention strategy, capable of preventing the activation of KEs downstream of complex I inhibition (KE 1).

### Uncertainties {#Sec11}

Complex I inhibition results in a reduction in mitochondrial ATP generation and an elevation of ^•^O~2~ ^−^ formation. To date, the respective contribution of these two factors to mitochondrial dysfunction has not been quantified. A cell model devoid of classical complex I activity (Choi 2008) still shows effects of rotenone or MPP^+^. This may be due to a contribution by off-target effects, e.g., on microtubules (Brinkley et al. [@CR65]; Marshall and Himes [@CR312]), but the data have not been confirmed by others. The vast majority of experimental evidence on the relationship between complex I inhibition and the onset of parkinsonian motor deficits is based on the use of the complex I inhibitors rotenone and MPTP/MPP^+^. A relatively wide spectrum of structurally different complex I inhibitors have been described over the course of recent decades. Prominent examples are acetogenins (Bermejo et al. [@CR41]), tetrahydroisoquinolines (Morikawa et al. [@CR341]), antibiotics such as piericidin A (Degli Esposti [@CR111]; Friedrich et al. [@CR157]; Kubota et al. [@CR259]; Horgan et al. [@CR210]; Singer [@CR462]), insecticides such as quinazolines or acetogenins (Ahammadsahib et al. [@CR3]; Hollingworth et al. [@CR207]), quinones (Kean et al. [@CR231]), and vanilloids (Shimomura et al. [@CR451]). All of these structurally different complex I inhibitors have been characterized with isolated mitochondria or with submitochondrial particles. Robust *K* ~i~ values and functional studies involving neuronal cell cultures or in vivo models are rather rare. A systematic comparison of the half maximal inhibitory concentration (IC~50~) values for complex I inhibition and half maximal binding concentration (EC~50~) values for the reduction of ATP levels was performed with rat fetal striatal neurons (Höllerhage et al. [@CR206]). Due to the lipophilicity of most of the complex I inhibitors tested, the detected EC~50~ values were in most cases lower than the IC~50~ values detected for complex I inhibition.

KER 3: relationship between "mitochondrial dysfunction" (KE 2) and "impaired proteostasis" (KE 3) (Fig. [4](#Fig4){ref-type="fig"}) {#Sec12}
-----------------------------------------------------------------------------------------------------------------------------------

Fig. 4Key event relationship 3 (KER 3), linking mitochondrial dysfunction (KE 2) and impaired proteostasis (KE 3). The table shows the result of a qualitative assessment of KER 3 on a 3 point scale (weak, moderate, strong). While a strong experimental basis exists in the literature to justify the rating "strong" for the experimental support linking KE 2 and KE 3, mechanistic understanding on how mitochondrial dysfunction, respectively, its individual features such as a decline in ATP generation, or an elevated formation of free radical species, affect cellular proteostasis, are only incompletely understood. The situation is further complicated by mutual interactions between mitochondrial dysfunction, oxidative stress, and proteasomal stress that lead to self-amplifying futile cycles but allow no definition on an initiating event. *PD* Parkinson's disease, *UPS* ubiquitin proteasomal system, *ALP* autophagy--lysosomal pathway, *ATP* adenosine triphosphate, *ROS* reactive oxygen species, *MPTP* 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, *NDI-1* single subunit NADH dehydrogenase of *S. cerevisiae*. References: \[1\] Betarbet et al. ([@CR44]), \[2\] McNaught et al. ([@CR325]), \[3\] McNaught and Jenner ([@CR323], [@CR324]), \[4\] Ambrosi et al. ([@CR12]), \[5\] Yu et al. ([@CR531]), \[6\] Martini-Stoica et al. ([@CR314]), \[7\] Komatsu et al. ([@CR249]), \[8\] Menzies et al. ([@CR328]), \[9\] Goldberg ([@CR171]), \[10\] Ding et al. ([@CR120]), \[11\] Zheng et al. ([@CR537]), \[12\] Pickart and Cohen ([@CR384]), \[13\] Finley ([@CR149]), \[14\] Voges et al. ([@CR507]), \[15\] Bose and Beal ([@CR57]), \[16\] Wang et al. ([@CR512], [@CR513]), \[17\] Farout et al. ([@CR141]), \[18\] Ishii et al. ([@CR220]), \[19\] Demasi et al. ([@CR118]), \[20\] Demasi et al. ([@CR117]), \[21\] Butterfield and Kanski ([@CR70]), \[22\] Sayre et al. ([@CR423]), \[23\] Fornai et al. ([@CR153]), \[24\] Wu et al. ([@CR524]), \[25\] Liu et al. ([@CR294]), \[26\] Yong-Kee et al. ([@CR530]), \[27\] Pan et al. ([@CR375]), \[28\] Seo et al. ([@CR440]), \[29\] Seo et al. ([@CR439]), \[30\] Seo et al. ([@CR438]), \[31\] Sherer et al. ([@CR448]), \[32\] Shamoto-Nagai et al. ([@CR442]), \[33\] Chou et al. ([@CR89]), \[34\] Filomeni et al. ([@CR148])

### Biological plausibility {#Sec13}

The two main systems for the removal of misfolded proteins are: (1) the autophagy--lysosomal pathway (ALP), which removes dysfunctional proteins, aggregates, and even subcellular organelles; and (2) the ubiquitin proteasomal system (UPS), which catalyzes the tagging of target proteins by ubiquitination, followed by their degradation via the 26S proteasome (Ding et al. [@CR120]; Goldberg [@CR171]; Komatsu et al. [@CR249]; Martini-Stoica et al. [@CR314]; Menzies et al. [@CR328]; Zheng et al. [@CR537]). The correlation between mitochondrial dysfunction and impaired proteostasis is based on the considerations that (1) proteostasis is an energy-consuming process requiring ATP from mitochondria, and that (2) components of the proteasomal system are subject to inhibition by ROS, generated from dysfunctional mitochondria (Finley [@CR149]; Pickart and Cohen [@CR384]). The 26S proteasome catalyzes ATP-dependent protein degradation and consists of a 20S core, associated with a regulatory 19S particle (Kim et al. [@CR236]; Murata et al. [@CR344]; Voges et al. [@CR507]). Oxidative stress causes the dissociation of the 20S core from the regulatory 19S particle, leading to the loss of 26S proteasome activity (Wang et al. [@CR512]). Under conditions of impaired ATP synthesis and elevated ROS levels, the interaction of the 20S core with alternative activation proteins yields a 20S proteasome without de-ubiquitination and ATPase activities (Schmidt et al. [@CR433]; Ma et al. [@CR307]). The ATP-independent 20S proteasome is also subject to posttranslational modifications such as hydroxynonenal modifications, carbonylation, or S-glutathionylation (Demasi et al. [@CR117], [@CR118]; Farout et al. [@CR141]; Ishii et al. [@CR220]), but displays a higher resistance to oxidative stress in comparison with the 26S proteasome (Reinheckel et al. [@CR403], [@CR404]). In parallel to the direct inhibition of cellular protein degeneration systems, oxidative stress increases the load of modified and misfolded proteins as substrates of the degradation machinery (Butterfield and Kanski [@CR70]; Sayre et al. [@CR423]), similar to what occurs in mitochondrial dysfunction. Analysis of ALP activity upon inhibition of complex I provides a heterogeneous picture, with several reports illustrating an impairment of ALP activity (Lim et al. [@CR289]; Mader et al. [@CR308]; Pan et al. [@CR375]; Sarkar et al. [@CR421]), while others describe an activation (Chen et al. [@CR83]; Chu et al. [@CR90]; Zhu et al. [@CR539]). Autophagy has been suggested as a component of the cellular antioxidant system, based on its removal of oxidatively modified proteins (Giordano et al. [@CR168]). It is hence speculated that activation of ALP represents a countermeasure of the cell in early stages of mitochondrial dysfunction, while later stages are characterized by a decline in autophagy activity and an associated decline in cell viability. The PD-associated protein alpha synuclein (ASYN) emerged as a key element connecting mitochondrial dysfunction and impaired proteostasis. Knockdown of ASYN protects from complex I inhibition-mediated neurodegeneration (Zharikov et al. [@CR536]), while ASYN overexpression sensitizes neurons towards secondary stressors (Chartier-Harlin et al. [@CR80]; Singleton et al. [@CR463]). Mitochondrial dysfunction leads to an accumulation and an aggregation of oxidative modified ASYN (Betarbet et al. [@CR45]; Cannon et al. [@CR72]). Vice versa, elevated ASYN levels evoke mitochondrial dysfunction (Hsu et al. [@CR211]). In conclusion, mitochondrial dysfunction is characterized by an impaired ATP generation and elevated levels of ROS. Oxidative stress not only increases the load of misfolded proteins, it also leads to an impairment in the cellular protein degradation machineries. These energy-consuming processes are further hampered by the limitations in ATP supply under these conditions, hence resulting in an inadequate removal of misfolded proteins.

### Empirical support {#Sec14}

Most empirical support comes from cellular models exposed to rotenone and MPTP/MPP^+^. Moreover, an impairment of the UPS activity in the nigrostriatal system parallels mitochondrial dysfunction in PD patients (Ambrosi et al. [@CR12]; Betarbet et al. [@CR44]; McNaught and Jenner [@CR323], [@CR324], [@CR325]; Yu et al. [@CR531]). Experimental induction of mitochondrial dysfunction in mice and rats by rotenone or MPTP is associated with a decline in nigrostriatal UPS (Fornai et al. [@CR153]; Liu et al. [@CR294]; Wu et al. [@CR524]). In vitro models revealed that complex I inhibition precedes the onset of proteasomal impairment and the accumulation of ubiquitinated proteins (Yong-Kee et al. [@CR530]). Expression of the inhibitor-insensitive single subunit NADH dehydrogenase NDI-1 protects from rotenone-induced loss of proteasomal function, underlining the contribution of ATP for proteasomal degradation (Seo et al. [@CR439], [@CR440]). The tight dependency of proteasomal function on metabolic activity was demonstrated by a glucose-dependent experimental boost of cellular ATP levels, resulting in elevated protein degradation (Höglinger et al. [@CR204], [@CR205]). To avoid an involvement of complex I inhibitor-mediated oxidative stress, ATP was alternatively lowered by supplementation of cell medium with 2-desoxy-glucose. This resulted in an accumulation of misfolded proteins (Sherer et al. [@CR448]). Management of oxidative stress, as the second dominating feature of mitochondrial dysfunction, by application of antioxidants, protects from complex I inhibitor-evoked proteasomal impairment and from an accumulation of ubiquitinated proteins (Chou et al. [@CR89]; Filomeni et al. [@CR148]; Shamoto-Nagai et al. [@CR442]). The ALP can be stimulated by pharmacological means, and ALP stimulation by rapamycin results in a protection of the cell from complex I-mediated neurotoxicity (Liu et al. [@CR294]; Pan et al. [@CR375]). Similar to the situation observed with the UPS, antioxidants protect from complex I inhibitor-dependent reduction in ALP activity (Filomeni et al. [@CR148]).

In neurons, proteostasis is largely influenced by intracellular trafficking processes. Mitochondrial and vesicular trafficking is affected by dysregulated cytosolic Ca^2+^ levels (Chang et al. [@CR76]; Saotome et al. [@CR420]; Yi et al. [@CR529]) that emerge as a consequence of complex I inhibitor-mediated mitochondrial dysfunction. ASYN expression levels are directly correlated with microtubule instability (Chen et al. [@CR83]; Esposito et al. [@CR134]; Lee et al. [@CR270]). Accumulation of ASYN leads to elevated levels of hyperphosphorylated tau protein and consequently to microtubule depolymerization (Qureshi and Paudel [@CR396]). As a result of inappropriate transport processes, misfolded proteins and organelles accumulate within the cell.

ASYN levels are elevated in response to complex I inhibition (Betarbet et al. [@CR45]; Cannon et al. [@CR72]; Fornai et al. [@CR153]). Elevated cytosolic levels of Ca^2+^ as consequence of complex I inhibition promote aggregation of ASYN (Follett et al. [@CR151]; Goodwin et al. [@CR172]; Nath et al. [@CR349]; Yuan et al. [@CR533]). Mitochondrial dysfunction and dysfunction in cellular Ca^2+^ homeostasis leads to disturbances in neuronal DA handling, leading to DA-mediated oxidative stress. DA-modified ASYN not only prevents its own degradation by the chaperone-mediated autophagy (CMA) pathway, but it also prevents the degradation of other proteins (Martinez-Vicente et al. [@CR313]). ASYN filament formation, promoted by ASYN overexpression, or the expression of ASYN mutants, directly impairs proteasomal activity (Stefanis et al. [@CR473]). Knockdown of endogenous ASYN, treatment with antioxidants, and supplementation with ATP protect from mitochondrial dysfunction-mediated onset of proteasomal stress (Betarbet et al. [@CR45]; Dauer et al. [@CR104]; Drolet et al. [@CR122]; Shamoto-Nagai et al. [@CR442]).

### Inconsistencies {#Sec15}

Impaired proteostasis includes an imbalance or dysfunction of a very large number of diverse biochemical processes. These are again interlinked in complex ways. While this is not an inconsistency as such, it can lead to inconsistent results in the literature, when different processes, often measured at different times, are used as biomarkers of impaired proteostasis. Inhibition of mitochondrial complex I is mainly characterized by impaired ATP production and elevated ^•^O~2~ ^−^ formation. Although these processes result in an impairment of various proteostasis mechanisms, such as UPS activity, defined molecular events linking KE 2 and KE 3 need further investigation. The relationship between mitochondrial dysfunction and impaired proteostasis is furthermore characterized by several mutual interactions, ultimately leading to a self-amplifying vicious cycle. Misfolded ASYN, for example, accumulates as a consequence of impaired proteostasis, and this in turn negatively influences mitochondrial integrity and function via its binding to the inner mitochondrial membrane and to their import machinery (Devi et al. [@CR119]; Robotta et al. [@CR408]). DA-modified ASYN, on the other hand, not only blocks its own degradation by the CMA pathway but also prevents CMA-dependent degradation of other proteins (Martinez-Vicente et al. [@CR313]). Literature provides evidence for both activation and inhibition of autophagy activity upon experimental complex I inhibition. However, time-dependent and quantitative information on autophagy activity under these conditions is not available yet. One of the cardinal features of PD is the formation of Lewy bodies in the brain. While proteinaceous ASYN aggregates are observed in rotenone-exposed rats, Lewy body-like structures are not observed in MPTP models (Dauer et al. [@CR104]; Drolet et al. [@CR122]).

KER 4: relationship between "impaired proteostasis" (KE 3) and "degeneration of DA neurons" (KE 4) (Fig. [5](#Fig5){ref-type="fig"}) {#Sec16}
------------------------------------------------------------------------------------------------------------------------------------

Fig. 5Key event relationship 4 (KER 4), linking impaired proteostasis (KE 3) and DA neurodegeneration (KE 4). The table shows the result of a qualitative assessment of KER 4 on a 3 point scale (weak, moderate, strong). Literature provides conclusive empirical support for a causal and quantitative relationship between KE 3 and KE 4. Insight into the molecular events responsible for DA neurodegeneration in response to impaired proteostasis, however, can only be classified "moderate" due to essential knowledge gaps. *UPS* ubiquitin proteasomal system, *ALS* autophagy--lysosomal system, *DA* dopamine, *UCH-L1* ubiquitin carboxy-terminal hydrolase L1, *Ndufs4* NADH:ubiquinone oxidoreductase subunit S4, *TFEB* transcription factor EB. References: \[1\] Martini-Stoica et al. ([@CR314]), \[2\] Menzies et al. ([@CR328]), \[3\] McNaught and Jenner ([@CR323], [@CR324]), \[4\] McNaught et al. ([@CR325]), \[5\] Ambrosi et al. ([@CR12]), \[6\] Betarbet et al. ([@CR43]), \[7\] Betarbet et al. ([@CR45]), \[8\] Fornai et al. ([@CR153]), \[9\] Davies ([@CR106]), \[10\] Wang et al. ([@CR512]), \[11\] Schmidt et al. ([@CR433]), \[12\] Kitada et al. ([@CR242]), \[13\] Leroy et al. ([@CR282]), \[14\] Song and Cortopassi ([@CR468]), \[15\] Mader et al. ([@CR308]), \[16\] Dehay et al. ([@CR116]), \[17\] Wu et al. ([@CR524]), \[18\] Giordano et al. ([@CR169]), \[19\] Bentea et al. ([@CR37]), \[20\] Li et al. ([@CR284]), \[21\] Fornai et al. ([@CR152]), \[22\] Decressac et al. ([@CR110]), \[23\] Kilpatrick et al. ([@CR235]), \[24\] Decressac and Björklund ([@CR108]), \[25\] Ebrahimi-Fakhari and Wahlster ([@CR127]), \[26\] Decressac et al. ([@CR109]), \[27\] Shimoji et al. ([@CR450]), \[28\] Zhu et al. ([@CR540])

### Biological plausibility {#Sec17}

Impaired proteostasis leads to an accumulation of misfolded and modified proteins. These protein aggregates influence microtubule assembly and stability, resulting in a reduction in axonal transport of vesicles and mitochondria (Borland et al. [@CR55]; Chen et al. [@CR83]; O'Malley [@CR358]) and a "dying back" degeneration pattern, starting in the periphery, ultimately leading to neurodegeneration (Braak et al. [@CR58]; Grosch et al. [@CR180]; Raff et al. [@CR397]). ASYN is among the best-studied examples, linking proteostasis and neuronal degeneration. Accumulation of ASYN, either as a consequence of endogenous disturbances of proteostasis, experimental blockade of the proteasomal system, or by overexpression of its wild-type or mutant forms, leads to the disassembly of microtubules and, ultimately, to axonal damage (Esposito et al. [@CR134]; Kirik et al. [@CR240]; Masliah et al. [@CR315]). Furthermore, ASYN protofibrils interact with intracellular organelles such as neurotransmitter vesicles or mitochondria, and lead to an uncontrolled release of DA and an impairment of mitochondrial function (Lotharius et al. [@CR302]; Saha et al. [@CR415]; Devi et al. [@CR119]; Chinta et al. [@CR86]). As mentioned above, DA-modified ASYN not only blocks its own degradation by the CMA pathway but also prevents the degradation of other proteins (Martinez-Vicente et al. [@CR313]). Aggregates of wild-type or mutant forms of ASYN disturb controlled axonal transport of mitochondria (Li et al. [@CR285]; Melo et al. [@CR326]; Xie and Chung [@CR525]). In neurons, key steps, such as mitochondrial fission/fusion or mitophagy, are conducted in the cell body. Impaired axonal transport of mitochondria hence leads to limited ATP supply and elevated levels of ROS, generated by dysfunctional mitochondria. The cellular 26S proteasome is a vulnerable target for free radical species originating from autoxidizing DA and mitochondria, leading to its inhibition and hence reinforcing proteasomal dysfunction (Davies [@CR106]).

Analysis of nigrostriatal tissue of patients with PD has suggested an impairment in the activity of the 20/26S proteasome (McNaught and Jenner [@CR323], [@CR324]; McNaught et al. [@CR325]). Similar observations were made in fibroblasts obtained from patients with PD, which exhibited elevated basal levels of ubiquitinated proteins and impaired 20S proteasomal activity (Ambrosi et al. [@CR12]). The brain-region selective impairment of proteasomal activity correlates with the selective demise of DA neurons in this region (McNaught and Jenner [@CR323], [@CR324]; McNaught et al. [@CR325]). Disturbances in the ubiquitin proteasomal system are also directly associated with prominent examples of mutations (e.g., parkin, ubiquitin C-terminal hydrolase L1) identified in genetic PD cases. Both are sufficient to cause preferential degeneration of nigrostriatal DA neurons (Leroy et al. [@CR282]; Kitada et al. [@CR242]).

### Empirical support {#Sec18}

Experimental evidence for a causal relationship between impaired proteostasis and DA neurodegeneration is based on in vitro and in vivo experiments involving complex I inhibitors and proteasome inhibitors. Several in vivo studies reported an impairment of the UPS, an accumulation of polyubiquitinated proteins, and the loss of nigrostriatal DA neurons upon exposure to complex I inhibitors (Betarbet et al. [@CR43], [@CR45]; Fornai et al. [@CR153]; Wang et al. [@CR511]; Yong-Kee et al. [@CR530]). An alternative complex I inactivation by conditional knockout of the complex I subunit Ndufs4 independently confirms the decrease in proteasomal activity and accumulation of polyubiquitinated proteins (Song and Cortopassi [@CR468]). Exposure to complex I inhibitors leads to an accumulation of autophagosomes and a concomitant decrease in the number of lysosomes, as well as lysosomal dysfunction (Dehay et al. [@CR116]; Mader et al. [@CR308]). Up-regulation of autophagy, e.g., by rapamycin or trehalose, protects from lysosomal permeability and from neurodegeneration (Dehay et al. [@CR116]; Giordano et al. [@CR169]; Wu et al. [@CR524]). A direct correlation between proteasomal dysfunction and neurodegeneration was observed by in vivo stereotaxic injection of proteasome inhibitors such as lactacystin or MG-132. Intracerebral proteasome inhibitor infusion evokes a preferential degeneration of nigrostriatal DA neurons, accompanied by the onset of PD-associated motor impairments (Bentea et al. [@CR37]; Fornai et al. [@CR152]; Li et al. [@CR284]). Transcription factor EB (TFEB) is a key transcriptional regulator of the autophagy--lysosome pathway. Repression of TFEB expression in A9 and A10 DA neurons results in their accelerated degeneration (Decressac et al. [@CR110]; Decressac and Björklund [@CR108]). Overexpression of ASYN in vivo leads to lysosomal dysfunction and to cytoplasmic retention of TFEB. Overexpression of TFEB in the same model protects from DA neurodegeneration by clearance of ASYN oligomers (Decressac et al. [@CR110]; Decressac and Björklund [@CR108]; Ebrahimi-Fakhari and Wahlster [@CR127]; Kilpatrick et al. [@CR235]).

### Inconsistencies {#Sec19}

Mechanistic molecular information, as well as quantitative data on the direct causal relationship between impaired proteostasis and DA neurodegeneration is limited. Most of the information on the relationship of the two KEs is based on model systems treated with complex I inhibitors. However, MPTP/MPP^+^ does not recapitulate the formation of intracellular inclusions or aggregates. An increase in autophagy is reported as both protective and detrimental, most likely as a result of different degrees of activation or different observation times. Quantitative information on potential threshold activation levels for autophagy and their influence on cell integrity is currently not available.

KER 5: relationship between "degeneration of DA neurons" (KE 4) and "neuroinflammation" (KE 5) (Fig. [6](#Fig6){ref-type="fig"}) {#Sec20}
--------------------------------------------------------------------------------------------------------------------------------

Fig. 6Key event relationship 5 (KER 5), linking DA neurodegeneration (KE 4) and neuroinflammation (KE 5). The table shows the result of a qualitative assessment of KER 5 on a 3 point scale (weak, moderate, strong). Both empirical support and biological plausibility were classified as "moderate", based on the species-dependent variability of mediators originating from degenerating DA neurons. Experimental support for a causal link of KE 4 and KE 5 is mainly based on in vitro models, whereas in vivo information is rather limited. *DAMP* damage associated molecular patterns, *HMGB1* high mobility group box 1, *CX3CR1* fractalkine receptor, *MPTP* 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, *RAGE* receptor for advanced glycation end products, *NF-kB* nuclear factor kappa B. References: \[1\] McGeer et al. ([@CR322]), \[2\] Miklossy et al. ([@CR330]), \[3\] Béraud et al. ([@CR38]), \[4\] Thundyil and Lim ([@CR487]), \[5\] Chao et al. ([@CR77]), \[6\] Fossati and Chiarugi ([@CR155]), \[7\] Liu et al. ([@CR293]), \[8\] Fellner et al. ([@CR143]), \[9\] Farina et al. ([@CR140]), \[10\] Efremova et al. ([@CR128]), \[11\] Davalos et al. ([@CR105]), \[12\] Haynes et al. ([@CR187]), \[13\] Koizumi et al. ([@CR247]), \[14\] Shinozaki et al. ([@CR453]), \[15\] Blank and Prinz ([@CR49]), \[16\] Chapman et al. ([@CR78]), \[17\] Streit et al. ([@CR476]), \[18\] Nayak et al. ([@CR350]), \[19\] Lopategui Cabezas et al. ([@CR300]), \[20\] Shan et al. ([@CR443]), \[21\] Zecca et al. ([@CR534]), \[22\] Santoro et al. ([@CR419]), \[23\] Sasaki et al. ([@CR422]), \[24\] Noelker et al. ([@CR356]), \[25\] Abdelsalam and Safar ([@CR1]), \[26\] Schildknecht et al. ([@CR431]), \[27\] Emmanouilidou et al. ([@CR131]), \[28\] Marques and Outeiro ([@CR311])

### Biological plausibility {#Sec21}

In patients with PD and in MPTP-exposed humans or non-human primates, inflammation remains persistently activated in the nigrostriatal system, even years or decades after removal of the initiating toxicant (McGeer et al. [@CR322]; Miklossy et al. [@CR330]). The inflammatory response involves microgliosis and astrogliosis as well as the infiltration of peripheral CD4^+^ T lymphocytes (Appel [@CR13]; Brochard et al. [@CR66]). Damaged neurons expose cytosolic or nuclear proteins or non-protein molecules, collectively termed as damage-associated molecular patterns (DAMPs), which are capable to initiate and perpetuate an inflammatory response (Béraud et al. [@CR38]; Thundyil and Lim [@CR487]) by activating Toll-like receptors (TLRs) or receptors for advanced glycation end-products (RAGEs) (Chao et al. [@CR77]). Microglial cells are equipped with TLRs such as TLR-2 or TLR-4 that sense targets such as high mobility group box 1 (HMGB1), amyloid beta peptide, or alpha synuclein and hence stimulate activation of nuclear factor kappa B (NF-κB) (Fellner et al. [@CR143]; Fossati and chiarugi [@CR155]; Liu et al. [@CR293]; Santoro et al. [@CR419]). Astrocytes are also able to sense tissue injury via e.g., TLR-3 (Farina et al. [@CR140]). Moreover, neuronal injury promotes astrocyte activation (Efremova et al. [@CR128]). ATP, released by challenged cells, is a prominent non-protein DAMP that stimulates an immune response by purinergic G protein-coupled receptors (P2Y receptors). P2Y receptor activation leads to the migration and polarization of microglial cells (Davalos et al. [@CR105]; Haynes et al. [@CR187]; Koizumi et al. [@CR247]). Reactive microglial cells can in turn modulate astrocyte reactivity, involving P2Y receptors (Shinozaki et al. [@CR453]). Neuron--microglia interactions are also controlled by several chemokines and chemokine receptors (e.g., fractalkine, CD200) and a loss of this control by challenged neurons can trigger microglial reactivity (Blank and Prinz [@CR49]; Chapman et al. [@CR78]; Streit et al. [@CR476]). Activation of glial cells in response to damaged neurons, as well as infiltration of peripheral leukocytes, is not confined to PD, but also observed in other chronic neurodegenerative diseases (Lopategui Cabezas et al. [@CR300]; Nayak et al. [@CR350]).

### Empirical support {#Sec22}

The number of studies describing an explicit causal relationship between damaged DA neurons and the activation of glia is rather limited. In patients with PD, an increase in HMGB1---a protein released upon cell damage that signals danger and promotes neuroinflammation---was found in the *substantia nigra pars compacta* (SNpc) and in cerebrospinal fluid (CSF) (Santoro et al. [@CR419]). In mice treated with MPTP/MPP^+^, administration of HMGB1-neutralizing antibodies partly inhibits DA cell death. The small molecule glycyrrhizin directly binds HMGB1 and reduces MPTP/MPP^+^-dependent DA cell death (Santoro et al. [@CR419]; Sasaki et al. [@CR422]). TLR-4-deficient mice are less vulnerable to MPTP/MPP^+^ intoxication and display a decreased number of reactive activated glial cells compared with MPTP/MPP^+^-treated wild-type animals (Noelker et al. [@CR356]). Inhibition of RAGEs, which are upregulated in the striatum following rotenone exposure, suppresses NF-κB activation, as well as the expression of NF-κB-regulated inflammatory markers such as tumor necrosis factor alpha (TNF-α), inducible nitric oxide synthase (iNOS), and myeloperoxidase (Abdelsalam and Safar [@CR1]). Injection of fractalkine---normally released by damaged neurons---into the SNpc causes microglia activation by binding to CX3C chemokine receptor 1 (CX3CR1). Pre-administration of an anti-CX3CR1 antibody before MPP^+^ injection into the SNpc protects from glial activation (Shan et al. [@CR443]). Intracerebral injection of neuromelanin, a derivative of [l]{.smallcaps}-DOPA that accumulates in catecholaminergic neurons, causes an inflammatory activation of glial cells in the rat brain, indicating that degenerating DA neurons are leading to neuroinflammation (Zecca et al. [@CR534]). Furthermore, DA neurons in the process of degeneration signal Ca^2+^ waves, attracting neighboring glial cells, hence contributing to the well-defined accumulation of activated glial cells at the sites of neurodegeneration (Sieger et al. [@CR460]).

### Inconsistencies {#Sec23}

Studies investigating the role of DA neurodegeneration on glial activation often utilize toxicants such as MPTP/MPP^+^ or rotenone. Although no in vivo evidence exists, it cannot be ruled out that these toxicants directly influence glial activation, e.g., by the active conversion of the pro-toxicant MPTP (Schildknecht et al. [@CR431]). A rich body of experimental evidence indicates an outstanding role of extracellular ASYN in the inflammatory activation of glial cells (Hoenen et al. [@CR203]; Lee et al. [@CR271], [@CR272]). However, these factors are not necessarily associated with a degeneration of DA neurons, as ASYN can be excreted by viable neurons (Emmanouilidou et al. [@CR131]; Marques and Outeiro [@CR311]).

KER 6: relationship between "neuroinflammation" (KE 5) and "degeneration of DA neurons" (KE 4) (Fig. [7](#Fig7){ref-type="fig"}) {#Sec24}
--------------------------------------------------------------------------------------------------------------------------------

Fig. 7Key event relationship 6 (KER 6), linking DA neuroinflammation (KE 5) and DA neurodegeneration (KE 4). The table shows the result of a qualitative assessment of KER 6 on a 3 point scale (weak, moderate, strong). A causal relationship between neuroinflammation and DA neurodegeneration has been demonstrated. Biological plausibility and empirical support were both rated "moderate", due to the lack of profound knowledge on the mediators that evoke neurodegeneration. Anti-inflammatory and antioxidant agents could not convincingly demonstrate a neuroprotective potential. *CNS* central nervous system, *DA* dopamine, *IL-1β* interleukin-1β, *IFN-γ* interferon-γ, *TNF-α* tumor necrosis factor α; TGF: transforming growth factor, *NSAID* non-steroidal anti-inflammatory drugs. References: \[1\] McGeer et al. ([@CR322]), \[2\] Miklossy et al. ([@CR330]), \[3\] Liberatore et al. ([@CR287]), \[4\] Norden et al. ([@CR357]), \[5\] Boka et al. ([@CR52]), \[6\] Dong and Benveniste ([@CR121]), \[7\] Lopez-Ramirez et al. ([@CR301]), \[8\] Pan and Kastin ([@CR374]), \[9\] Banks ([@CR23]), \[10\] Heráandez-Romero et al. ([@CR195]), \[11\] Pott Godoy et al. ([@CR392]), \[12\] Villarán et al. ([@CR501]), \[13\] Hirsch and Hunot ([@CR200]), \[14\] Griffin et al. ([@CR177]), \[15\] Blasko et al. ([@CR50]), \[16\] Barbeito et al. ([@CR24]), \[17\] Herrera et al. ([@CR196]), \[18\] Frank-Cannon et al. ([@CR156]), \[19\] He et al. ([@CR188]), \[20\] Ramsey and Tansey ([@CR400]), \[21\] Tanaka et al. ([@CR484]), \[22\] Mount et al. ([@CR342]), \[23\] Ferger et al. ([@CR144]), \[24\] Leng et al. ([@CR281]), \[25\] Sriram et al. ([@CR471]), \[26\] Sriram et al. ([@CR472]), \[27\] Qin et al. ([@CR395]), \[28\] McCoy et al. ([@CR319]), \[29\] Castaño et al. ([@CR73]), \[30\] Brochard et al. ([@CR66]), \[31\] Reynolds et al. ([@CR405]), \[32\] Laurie et al. ([@CR266]), \[33\] Liu et al. ([@CR296]), \[34\] Faust et al. ([@CR142]), \[35\] Du et al. ([@CR123]), \[36\] Tikka et al. ([@CR489]), \[37\] Wu et al. ([@CR522]), \[38\] Shults ([@CR455]), \[39\] NINDS NET-PD Investigators ([@CR354]), \[40\] NINDS-NET-PD Investigators ([@CR355]), \[41\] Chen et al. ([@CR82]), \[42\] Chen et al. ([@CR81]), \[43\] Hernán et al. ([@CR192]), \[44\] Ton et al. ([@CR492]), \[45\] Etminan et al. ([@CR135]), \[46\] Schildknecht et al. ([@CR427]), \[47\] Hoos et al. ([@CR208]), \[48\] Parkinson Study Group ([@CR377]), \[49\] Shoulson ([@CR454])

### Biological plausibility {#Sec25}

Neuroinflammation, first described by McGeer et al. ([@CR321]), encompasses the activation of glial cells (microglia and astrocytes) and is regularly observed in association with chronic neurodegenerative diseases such as PD, Alzheimer's disease, and Huntington's disease (Bagyinszky et al. [@CR17]; Falsig et al. [@CR137], [@CR138]; McGeer and McGeer [@CR320]; Vivekanantham et al. [@CR506]). Both cell types contribute to a pro-inflammatory/neurotoxic environment by releasing cytokines such as interleukin (IL)-1β, TNF-α, or interferon gamma (IFN-γ), mediators such as nitric oxide (^•^NO) or superoxide (^•^O~2~ ^−^), ceramide, gangliosides, and components of the complement system (Boka et al. [@CR52]; Brown and Bal-Price [@CR67]; Dong and Benveniste [@CR121]; Liberatore et al. [@CR287]; Norden et al. [@CR357]). Neuroinflammation-induced neuronal degeneration depends to a large extent on damage evoked by free radical species such as ^•^NO, ^•^O~2~ ^−,\ •^OH, H~2~O~2~, N~2~O~3~, or peroxynitrite, which are actively formed by activated glia (Daiber et al. [@CR102]; Hunot et al. [@CR214]; Knott et al. [@CR245]; Le et al. [@CR268]; Mogi et al. [@CR335]). These free radicals harm neuronal mitochondria and challenge neuronal proteostasis and redox equilibria. Once a certain threshold of radical-mediated damage is reached, neurodegeneration is observed (Chen et al. [@CR84]; Khan et al. [@CR234]). In addition, activated glial cells can alter the integrity of the blood--brain barrier (BBB) and hence allow an infiltration of peripheral immune cells into the CNS (Lopez-Ramirez et al. [@CR301]). Moreover, peripheral TNF-α and IL-1α can traverse the BBB (Banks [@CR23]; Pan and Kastin [@CR374]). As a consequence of their passage, chronic peripheral inflammation can contribute to the selective demise of nigrostriatal DA neurons in the brain (Hernández-Romero et al. [@CR195]; Pott Godoy et al. [@CR392]; Villarán et al. [@CR501]).

Neuronal injury/death triggers neuroinflammation (see KER 5), which in turn can lead to neuronal degeneration, contributing to a self-perpetuating vicious circle, which is assumed to be a key element in the pathogenesis of several neurodegenerative diseases including PD (Barbeito et al. [@CR24]; Blasko et al. [@CR50]; Griffin et al. [@CR177]; Hirsch and Hunot [@CR200]).

### Empirical support {#Sec26}

Nigrostriatal neurodegeneration can be evoked by stereotaxic injection or systemic application of lipopolysaccharide (LPS), a known activator of microglia (Frank-Cannon et al. [@CR156]; He et al. [@CR188]; Herrera et al. [@CR196]; Ramsey and Tansey [@CR400]).

Strategies to dampen neuroinflammation and protect DA neurons have either focused on inhibiting the pro-inflammatory (M1) phenotype of microglia and/or on supporting their anti-inflammatory activation state (M2) (Hernández-Romero et al. [@CR194]; Lecca et al. [@CR269]; Lu et al. [@CR303]; Moehle and West [@CR334]; Moon et al. [@CR339]; Pisanu et al. [@CR386]; Roy et al. [@CR411]; Wu et al. [@CR522]). In comparison to control mice, intra-nigrostriatal injection of LPS largely failed to initiate a sustained neuroinflammatory response in an IL-1β knockdown mouse model that exhibits significantly less DA neurodegeneration (Tanaka et al. [@CR484]). In an MPTP/MPP^+^ model, IFN-γ depletion completely prevents microglial activation and protects from the loss of nigrostriatal DA neurons (Mount et al. [@CR342]). Deletion of TNF-α confers only a partial protection from MPTP/MPP^+^-dependent neuroinflammation and DA neurodegeneration (Ferger et al. [@CR144]), while a double knockout mouse (Leng et al. [@CR281]) of TNF-α receptors 1 and 2 exhibits an almost complete protection from MPTP/MPP^+^-dependent glial activation and DA neurodegeneration (Sriram et al. [@CR471], [@CR472]). Comparable protection in this TNF-α receptor double knockout mouse was also reported when LPS was applied instead of MPTP (Qin et al. [@CR395]). Blocking TNF-α by expression of TNF-α inhibitor protein protects from DA neuron loss in animal models of PD (McCoy et al. [@CR319]).

In mixed neuron/glia co-cultures, pretreatment with anti-inflammatory TGF-β1 prevents from neurodegeneration evoked by MPP^+^ (Liu et al. [@CR296]). Genetic silencing of the TGF-β receptor 1 in microglia reverses this protective effect, indicating a significant role of pro-inflammatory glial activation in the observed degeneration of neurons (Liu et al. [@CR296]). Another example is the PPAR-γ agonist MDG548 that decreases NF-κB activation in microglia evoked by LPS (Lecca et al. [@CR269]). When mice are exposed to MPTP instead of LPS, MDG548 reduces microglial activation and protects from DA neurodegeneration (Lecca et al. [@CR269]).

Other strategies interfering with the infiltration of peripheral CD4^+^/CD8^+^ T lymphocytes, which was reported as a contributing factor of DA neurodegeneration (Brochard et al. [@CR66]; Appel [@CR13]; Stone et al. [@CR474]), also revealed neuroprotection. The corticosteroid dexamethasone, by acting as an inhibitor of T-cell infiltration, dampens glial activation and DA neurodegeneration (Castaño et al. [@CR73]). In a MPTP/MPP^+^ model, a mutation in the functional receptor of CD4^+^ T cells protects from DA neurodegeneration (Brochard et al. [@CR66]). The adoptive transfer of immunosuppressive CD4^+^/CD25^+^ regulatory T cells was sufficient for the protection from DA neuronal death (Laurie et al. [@CR266]; Reynolds et al. [@CR405]). Besides these experimental models, current clinical trials involving patients with PD, strongly suggest minocycline, an inhibitor of microglial reactivity (Du et al. [@CR123]; Faust et al. [@CR142]; Schildknecht et al. [@CR429]; Tikka et al. [@CR489]; Wu et al. [@CR522]), as a promising agent for the protection of nigrostriatal DA neurons when used in combination with other therapies such as antioxidants or MAO-B inhibitors (Galpern and Cudkowicz [@CR161]; Matthews et al. [@CR317]; NINDS NET-PD Investigators [@CR354], [@CR355]; Shults et al. [@CR456], [@CR457], [@CR458]; Shults [@CR455], [@CR459]; Yang et al. [@CR527]).

### Inconsistencies {#Sec27}

The majority of studies focusing on the contribution of pro-inflammatory mediators such as IL-1β, TNF-α, or IFN-γ were performed in MPTP models. Hence, in addition to the inflammatory response, MPP^+^-dependent mitochondrial inhibition and ROS formation were still present in these studies. Mice with quiescent microglia are still susceptible to MPTP toxicity (Kinugawa et al. [@CR237]), indicating a rather minor contribution of inflammation to the observed neurodegeneration in the MPTP models. Studies involving LPS injections for the induction of inflammation were almost exclusively conducted in rodents. In comparison to the situation in humans, rodents display greater amounts of ^•^NO and ^•^O~2~ ^−^ upon inflammatory activation (Bachschmid et al. [@CR16]; Hoos et al. [@CR208]; Schildknecht et al. [@CR426], [@CR427]), indicating that these radical species contribute to a larger extend to neurodegeneration in rodents compared to the situation in humans. This concept received substantial support by the outcome of clinical studies involving antioxidant therapy over extended periods of time that exhibited no signs of a significant delay in disease progression (Chen 2003, 2005; Etminan et al. [@CR135]; Hernán et al. [@CR192]; Ton et al. [@CR492]; Parkinson Study Group [@CR377]; Shoulson [@CR454]).

KER 7: relationship between "mitochondrial dysfunction" (KE 2) and "degeneration of DA neurons" (KE 4) (Fig. [8](#Fig8){ref-type="fig"}) {#Sec28}
----------------------------------------------------------------------------------------------------------------------------------------

Fig. 8Key event relationship 7 (KER 7), linking mitochondrial dysfunction (KE 2) and DA neurodegeneration (KE 4). The table shows the result of a qualitative assessment of KER 7 on a 3 point scale (low, moderate, strong). The literature is currently lacking a generally accepted definition of mitochondrial dysfunction. There is currently no consensus on the contribution of individual processes (e.g. mitochondrial membrane potential loss, ROS formation, drop in ATP formation, release of pro-apoptotic factors, etc.) to overall mitochondrial dysfunction nor a quantitative assessment of these processes for threshold definition. However, for some endpoints, semi-quantitative information is available. Notably, the support that KER 7 prevails over KER 3 and KER 4 is limited to few experimental situations, and human evidence has not been established. *ATP* adenosine triphosphate, *ROS* reactive oxygen species, *MPP* ^*+*^ 1-methyl-4-phenylpyridinium, *NDI-1* single subunit NADH dehydrogenase of *S. cerevisiae*. References: \[1\] Bose and Beal ([@CR57]), \[2\] Banerjee et al. ([@CR22]), \[3\] Subramaniam and Chesselet ([@CR478]), \[4\] Herrero-Mendez et al. ([@CR197]), \[5\] Almeida et al. ([@CR8]), \[6\] Almeida et al. ([@CR9]), \[7\] Nedergaard et al. ([@CR351]), \[8\] Guzman et al. ([@CR181]), \[9\] Chan et al. ([@CR75]), \[10\] Surmeier et al. ([@CR481]), \[11\] Surmeier and Schumacker ([@CR480]), \[12\] Bolam and Pissadaki ([@CR53]), \[13\] Matsuda et al. ([@CR316]), \[14\] Pissadaki and Bolam ([@CR387]), \[15\] Pacelli et al. ([@CR369]), \[16\] Schildknecht et al. ([@CR432]), \[17\] Chan et al. ([@CR74]), \[18\] Fabre et al. ([@CR136]), \[19\] Hasegawa et al. ([@CR186]), \[20\] Nicklas et al. ([@CR353]), \[21\] Przedborski et al. ([@CR394]), \[22\] Sherer et al. ([@CR448]), \[23\] Sherer et al. ([@CR449]), \[24\] Marella et al. ([@CR310]), \[25\] Ekstrand et al. ([@CR130]), \[26\] Du et al. ([@CR123]), \[27\] Choi et al. ([@CR88]), \[28\] Hajieva et al. ([@CR183]), \[29\] Chen et al. ([@CR84]), \[30\] Marella et al. ([@CR310]), \[31\] Wen et al. ([@CR516]), \[32\] Beal et al. ([@CR31]), \[33\] Adhihetty and Beal ([@CR2]), \[34\] Cunha et al. ([@CR100]), \[35\] Seo et al. ([@CR438], [@CR439], [@CR440]), \[36\] Shults et al. ([@CR458]), \[37\] Moon et al. ([@CR338]), \[38\] Wen et al. ([@CR516]), \[39\] Wang et al. ([@CR514]), \[40\] Leist et al. ([@CR277]), \[41\] Leist et al. ([@CR276])

### Biological plausibility {#Sec29}

KER 7 is an extraordinary element in the present AOP inasmuch it circumvents KE 3. Impaired proteostasis (KE 3) is observed under conditions of moderate and chronic inhibition of complex I. In response to an instant and complete inhibition of complex I by high concentrations of rotenone or MPP^+^, the instant termination of ATP supply can lead to a rapid (1--2 h) degeneration without significant involvement of impaired proteostasis. Incorporation of these time- and concentration-dependent differences in neurodegeneration upon complex I inhibition was the rationale to specify KER 7.

Mitochondria serve as the main source of ATP in eukaryotic cells, and they are vitally involved in the regulation of cellular Ca^2+^ homeostasis (Baughman et al. [@CR28]; Brini et al. [@CR64]; Calì et al. [@CR71]; De Stefani et al. [@CR107]) as well as in apoptotic processes (Charan et al. [@CR79]; Hu et al. [@CR212]; Liu et al. [@CR295]; Rasheed et al. [@CR402]). Mitochondrial dysfunction is characterized by dysfunctional cellular Ca^2+^ handling (Orrenius et al. [@CR367]), reduced mitochondrial ATP levels, and increased ROS (Banerjee et al. [@CR22]; Bose and Beal [@CR57]; Subramaniam and Chesselet [@CR478]). In contrast to other cell types, neurons have only a moderate capacity to upregulate their rate of glycolysis upon inhibition of mitochondria (Almeida et al. [@CR8], [@CR9]; Herrero-Mendez et al. [@CR197]). Therefore, they are more vulnerable towards dysfunctional mitochondria than other cell types. Among the different neuronal types, nigrostriatal DA neurons display a preferential sensitivity towards complex I inhibition (Betarbet et al. [@CR43]; Jackson-Lewis et al. [@CR221]) as a consequence of a set of unique intrinsic features. First, nigrostriatal DA neurons possess autonomous pacemaking activity, relying on L-type Ca^2+^ channel (Ca~V~1.3)-dependent Ca^2+^ influx for membrane depolarization (Chan et al. [@CR75]; Guzman et al. [@CR181]; Nedergaard et al. [@CR351]). The relevance of Ca^2+^-dependent pacemaking as a sensitizing factor becomes evident in comparison with DA neurons of the ventral tegmental area (VTA). These are significantly less sensitive to complex I inhibition, and they differ from nigrostriatal DA neurons by their reliance on extracellular Na^+^ for pacemaking (Khaliq and Bean [@CR232]). The constant influx of extracellular Ca^2+^ represents an energy- demanding strategy (Surmeier et al. [@CR481]; Surmeier and Schumacker [@CR480]). The energy balance of nigrostriatal DA neurons, and hence their dependence on proper mitochondrial function, is furthermore challenged by their unique architecture (Bolam and Pissadaki [@CR53]; Matsuda et al. [@CR316]) comprising long unmyelinated axons and higher numbers of energy-consuming synapses, compared with catecholaminergic neurons of other brain regions (Pacelli et al. [@CR369]; Pissadaki and Bolam [@CR387]). As a consequence, total cell surface and the energy required to maintain the membrane potential is higher in nigrostriatal DA neurons (Pacelli et al. [@CR369]; Bolam and Pissadaki [@CR53]; Brichta and Greengard [@CR63]). In comparison with neurons of other brain areas, mitochondria of nigrostriatal DA neurons can hence barely meet the energy requirement of the cell, even under normal conditions. It becomes apparent that even moderate impairments in mitochondrial function can lead to a preferential damage and demise of nigrostriatal DA neurons, while other neuronal populations under the same conditions are still spared. An additional sensitizing factor is the presence of DA, which pre-disposes neuronal cells to oxidative stress and renders ASYN particularly cytotoxic (Pacelli et al. [@CR369]; Schildknecht et al. [@CR428], [@CR430], [@CR432]).

### Empirical support {#Sec30}

The experimental support for the direct relationship between mitochondrial dysfunction and the degeneration of nigrostriatal DA neurons is based on observations made with neuronal cell cultures and with genetically modified in vivo models. Mitochondrial dysfunction can be initiated by complex I inhibitors that prevent mitochondrial ATP generation and concomitantly stimulate mitochondrial ROS formation (Chan et al. [@CR74]; Fabre et al. [@CR136]; Hasegawa et al. [@CR186]; Nicklas et al. [@CR353]; Przedborski et al. [@CR394]). Alternative experimental means to evoke mitochondrial dysfunction are e.g., transfer of mtDNA from patients with PD into mtDNA-free cells (cybrids) (Marella et al. [@CR310]; Sherer et al. [@CR448], [@CR449]) or knockdown of the regulator of mitogenesis Tfam (Ekstrand et al. [@CR130]). In all of these examples, the advent of mitochondrial dysfunction was directly correlated with the demise of neurons, and an elevated sensitivity of neurons harboring dysfunctional mitochondria towards secondary stressors. The degeneration of DA neurons is prevented by treatment with antioxidants (Chen et al. [@CR84]; Choi et al. [@CR88]; Hajieva et al. [@CR183]; Sherer et al. [@CR448], [@CR449]). To exemplify the present AOP, mitochondrial dysfunction can be evoked by application of complex I inhibitors such as MPTP/MPP^+^ or rotenone both in vitro and in vivo. Such complex I inhibitor-mediated mitochondrial dysfunction is directly correlated with the dysfunction of nigrostriatal DA neurons (Hantraye et al. [@CR185]; Langston et al. [@CR264]; Moratalla et al. [@CR340]; Varastet et al. [@CR500]). Experimental expression of the inhibitor-insensitive complex I surrogate NDI-1, either in neuronal cell cultures or in vivo by unilateral injection of adeno-associated virus into the nigrostriatal system (Marella et al. [@CR310]; Sherer et al. [@CR448], [@CR449]) protects against complex I inhibitor-dependent mitochondrial dysfunction and prevents the demise of nigrostriatal DA neurons. Complex I-independent electron input into the respiratory chain, e.g., by application of methylene blue (Wen et al. [@CR516]) or coenzyme Q~10~ (Beal et al. [@CR31]), reduces mitochondrial dysfunction and protects from DA neurodegeneration. These examples illustrate that protection from the loss of mitochondrial ATP, or from conditions of oxidative stress, i.e., features of mitochondrial dysfunction, are effective means to prevent the demise of nigrostriatal neurons.

### Uncertainties {#Sec31}

Mitochondrial dysfunction comprises a series of adverse processes such as the decline of the mitochondrial membrane potential, opening of the mtPTP, elevated ROS formation, or the release of cytochrome *c* (Gandhi et al. [@CR162]; Heo et al. [@CR191]; Irrcher et al. [@CR219]; Leist et al. [@CR277]; Pöltl et al. [@CR390]; Toulorge et al. [@CR494]; Wang et al. [@CR514]). Currently, there is no consensus on how many of these changes need to occur to meet the criteria for mitochondrial dysfunction. A decline in ATP generation and elevated ^•^O~2~ ^−^ formation are the two main consequences of complex I inhibition (Lambert and Brand [@CR263]; Schildknecht et al. [@CR428]). Although experimental restoration of ATP and management of elevated ROS by antioxidants have been suggested as protective means, the respective quantitative contribution of ATP and ROS to the observed neurodegeneration has not been fully addressed in the literature. Mitochondrial dysfunction leads to oxidative stress, but oxidative stress in turn also leads to mitochondrial dysfunction (Hasegawa et al. [@CR186]; Jana et al. [@CR223]; Khan et al. [@CR233]). Thus, empirical support based on antioxidants can be ambiguous. In KER 7, it is assumed that KE 2 directly leads to KE 4 and KE 5, especially at high intensities of insult. However, it is unclear whether such conditions are found in humans exposed to toxicants.

KER 8: relationship between the "degeneration of DA neurons" (KE 4) and the onset of "parkinsonian motor deficits" (AO) (Fig. [9](#Fig9){ref-type="fig"}) {#Sec32}
---------------------------------------------------------------------------------------------------------------------------------------------------------

Fig. 9Key event relationship 8 (KER 8), linking DA neurodegeneration (KE 4) and parkinsonian motor deficits (AO). The table shows the result of a qualitative assessment of KER 8 on a 3 point scale (weak, moderate, strong). Literature provides strong evidence for a causal correlation between the levels of striatal dopamine and the onset of parkinsonian motor deficits. These correlations can be observed in MPTP exposed rodents, primates, including humans, and in human PD. A potential contribution of other brain areas, respectively, their demise, to parkinsonian motor deficits, was only inadequately investigated so far. *DA* dopamine, *PD* Parkinson's disease, *[l]{.smallcaps}* *-DOPA* [l]{.smallcaps}-3,4-dihydroxyphenylalanine, *DAT* dopamine transporter, *VMAT-2* vesicular monoamine transporter 2, *TH* tyrosine hydroxylase. References: \[1\] Lynd-Balta and Haber ([@CR305]), \[2\] Lynd-Balta and Haber ([@CR306]), \[3\] Joel and Weiner ([@CR228]), \[4\] Alexander et al. ([@CR7]), \[5\] Obeso et al. ([@CR359]), \[6\] Blandini et al. ([@CR48]), \[7\] Ehringer et al. ([@CR129]), \[8\] Bernheimer et al. ([@CR42]), \[9\] Koller ([@CR248]), \[10\] Kirik et al. ([@CR239]), \[11\] Earle ([@CR126]), \[12\] Lloyd et al. ([@CR298]), \[13\] Benamer et al. ([@CR34]), \[14\] Rakshi et al. ([@CR399]), \[15\] Lin et al. ([@CR291]), \[16\] Pirker ([@CR385]), \[17\] Rinne et al. ([@CR407]), \[18\] Tissingh et al. ([@CR491]), \[19\] Lloyd et al. ([@CR298]), \[20\] Yam et al. ([@CR526]), \[21\] Gilmour et al. ([@CR166]), \[22\] Heimer et al. ([@CR189]), \[23\] Papa et al. ([@CR376]), \[24\] Hutchinson et al. ([@CR215]), \[25\] Levy et al. ([@CR283]), \[26\] Parkinson Study Group ([@CR377]), \[27\] Pålhagen et al. ([@CR371]), \[28\] Pålhagen et al. ([@CR372]); \[29\] Parkinson Study Group ([@CR378]), \[30\] Olanow et al. ([@CR366]), \[31\] Widner et al. ([@CR517]), \[32\] Kordower et al. ([@CR253]), \[33\] Kordower et al. ([@CR252]), \[34\] Mendez et al. ([@CR327]), \[35\] Schumacher et al. ([@CR436]), \[36\] Ben-Hur et al. ([@CR36]), \[37\] Bezard et al. ([@CR46]), \[38\] Blesa et al. ([@CR51]), \[39\] Mitchell et al. ([@CR331]), \[40\] Filion and Tremblay ([@CR147]), \[41\] Bergman et al. ([@CR40]), \[42\] Aziz et al. ([@CR15]), \[43\] Porras et al. ([@CR391]), \[44\] Jenner ([@CR226]), \[45\] Bédard et al. ([@CR32]), \[46\] Clarke et al. ([@CR94]), \[47\] Langston et al. ([@CR265]), \[48\] Smith et al. ([@CR466]), \[49\] Kuoppamäki et al. ([@CR262]), \[50\] Seniuk et al. ([@CR437]), \[51\] Muthane et al. ([@CR345]), \[52\] Moratalla et al. ([@CR340]), \[53\] Snow et al. ([@CR467]), \[54\] Forno et al. ([@CR154]), \[55\] Petzinger et al. ([@CR382]), \[56\] Jakowec et al. ([@CR222]), \[57\] Rothblat et al. ([@CR410]), \[58\] Meredith and Kang ([@CR329])

### Biological plausibility {#Sec33}

DA neurons of the substantia nigra project into the striatum, where they release DA (Joel and Weiner [@CR228]; Lynd-Balta and Haber [@CR305], [@CR306]). The loss of nigrostriatal DA neurons observed in PD leads to a reduction in striatal DA levels (Bernheimer et al. [@CR42]; Ehringer et al. [@CR129]). All PD forms are characterized by the loss of striatal DA, which is directly correlated with the onset of PD motor symptoms (Ehringer et al. [@CR129]). Striatal DA is a main regulator of motor output from the cortex to the periphery. Basal ganglia modulate motor output information that is looped back via the thalamus to the motor output cortex (Alexander et al. [@CR7]; Blandini et al. [@CR48]; Obeso et al. [@CR359], [@CR360]). A decline in striatal DA leads to disturbances in this feedback loop and reflects key parkinsonian symptoms such as rigidity, bradykinesia, and tremor (Bain [@CR18]; Jankovic [@CR224]; Rodriguez-Oroz et al. [@CR409]). An experimental knockdown of tyrosine hydroxylase as the key enzyme in catecholamine synthesis leads to reduced motor coordination (Korner et al. [@CR254]), while a hyperdopaminergic tone, evoked by genetic deletion of the DA transporter, results in motor hyperactivity (Gainetdinov et al. [@CR159]). Characteristic PD-associated motor deficits are usually observed at a reduction of striatal DA by ca. 80% (Kirik et al. [@CR239]; Koller [@CR248]).

### Empirical support {#Sec34}

Experimental support for a causal relationship between the loss of nigrostriatal DA neurons and the onset of parkinsonian motor deficits comes from patients with PD, humans accidentally exposed to MPTP, in vivo studies with rodents and non-human primates, and from in vitro models.

Analysis of brains from patients with PD reveals a significant reduction of striatal DA that correlates with the degeneration of nigrostriatal DA neurons (Earle [@CR126]; Lloyd et al. [@CR298]). Live assessment of DA neuron content in patients with PD indicates a causal correlation between nigrostriatal DA content and the severity of PD motor deficits (Benamer et al. [@CR34]; Lin et al. [@CR291]; Pirker [@CR385]; Rakshi et al. [@CR399]; Rinne et al. [@CR407]; Tissingh et al. [@CR491]). Substitution of endogenous striatal DA by [l]{.smallcaps}-DOPA leads to improved motor performance (Gilmour et al. [@CR166]; Heimer et al. [@CR189]; Hutchinson et al. [@CR215]; Levy et al. [@CR283]; Lloyd et al. [@CR298]; Papa et al. [@CR376]; Yam et al. [@CR526]). Elevation of endogenous striatal DA, by application of inhibitors targeting its degradation enzyme MAO-B, is also correlated with improved motor performance (Pålhagen et al. [@CR371], [@CR372]; Olanow et al. [@CR366]; Parkinson Study Group [@CR377], [@CR378], [@CR379]; Rascol et al. [@CR401]). Case reports further indicate the re-innervation of the striatum with projections of transplanted DA neurons, a restoration of striatal DA levels, and a subsequent improvement of motor performance (Ben-Hur et al. [@CR36]; Kordower et al. [@CR252], [@CR253]; Mendez et al. [@CR327]; Schumacher et al. [@CR436]; Widner et al. [@CR517]).

Non-human primates represent a model, highly reflective for the situation in humans with respect to brain architecture and DA motor deficits. Studies with MPTP-exposed monkeys reveal a correlation between striatal DA, nigrostriatal DA neuron numbers, and the onset of a PD motor phenotype (Bezard et al. [@CR46]). Similar to the situation in humans, a reduction of striatal DA by ca. 80% leads to the manifestation of PD motor deficits (Aziz et al. [@CR15]; Bergman et al. [@CR40]; Blesa et al. [@CR51]; Filion and Tremblay [@CR147]; Mitchell et al.1989; Porras et al. [@CR391]). Supplementation of endogenous DA by [l]{.smallcaps}-DOPA application in these models reverses the loss of motor output performance (Bédard et al. [@CR32]; Clarke et al. [@CR94]; Jenner [@CR226]; Kuoppamäki et al. [@CR262]; Langston et al. [@CR265]; Smith et al. [@CR466]).

In rodents, systemic administration of rotenone leads to loss of striatal DA and DA neurons; this loss is associated with the onset of motor deficits, reminiscent of those motor impairments observed in patients with PD (Alam and Schmidt [@CR4], [@CR5]; Cannon et al. [@CR72]; Fleming et al. [@CR150]; Höglinger et al. [@CR204], [@CR205]). In mice, MPTP is the most widely applied experimental PD toxicant. It provides results comparable to those obtained from rotenone experiments in rats (Alvarez-Fischer et al. [@CR11]; Fornai et al. [@CR153]; Gibrat et al. [@CR165]; Hung and Lee [@CR213]; Petroske et al. [@CR381]; Rozas et al. [@CR412]). Application of [l]{.smallcaps}-DOPA, inhibition of endogenous DA degradation by MAO-B inhibitors, deep brain stimulation, and transplantation of precursor cells into the nigrostriatal system all lead to a restoration of striatal DA content and an improvement of motor performance (Altarche-Xifro et al. [@CR10]; Kong et al. [@CR250]; Shaw et al. [@CR445]; Schierle et al. [@CR425]; Shin et al. [@CR452]).

### Inconsistencies {#Sec35}

Striatal DA is a key modulator of extrapyramidal motor output control. Although a close correlation between striatal DA and the onset of motor deficits is apparent, the specificity of motor abnormalities observed in PD has not been fully explained. Neuronal loss in PD or in MPP^+^/rotenone-treated animals is not confined to the nigrostriatal system. Other areas such as the locus coeruleus also undergo neurodegeneration (Forno et al. [@CR154]; Moratalla et al. [@CR340]; Muthane et al. [@CR345]; Seniuk et al. [@CR437]; Snow et al. [@CR467]). It cannot be excluded that additional brain regions might significantly contribute to the parkinsonian motor phenotype. In subacute treatment schemes (rotenone, MPTP), a significant, sometimes complete, recovery of motor deficits can be observed (Petroske et al. [@CR381]). For the assessment of DA neuron numbers, DA markers such as TH, DAT, and VMAT-2 are often employed using western blot, immunohistochemical staining, and polymerase chain reaction (PCR). However, the expression levels of these targets can be transiently regulated and might, therefore, provide misleading information on the survival of DA neurons (Jakowec et al. [@CR222]; Petzinger et al. [@CR382]; Rothblat et al. [@CR410]). For the assessment of motor performance in rodents, a variety of different behavioral assays emerged in the course of recent decades. The parameters assessed in these assays are not directly representative for those features observed in human PD (Meredith and Kang [@CR329]). In addition, it has not been established for all endpoints whether deficits can be fully rescued by [l]{.smallcaps}-DOPA or DA agonists.

AOP uncertainties and evaluation in an overall context {#Sec36}
======================================================

Use of example compounds for the AOP {#Sec37}
------------------------------------

Per definition, AOPs are compound agnostic and consequently include no ADME considerations. However, for the assembly of AOPs, and in particular for the empirical support of KERs, the behavior of model compounds plays a significant role and is important for the assessment of plausibility of an AOP. Model toxicants show a distinct toxicokinetic behavior that needs to be taken into account for the evaluation of the consistency of the AOP. In this context, the AOP presented herein relies very heavily on its exemplification by two model toxicants: rotenone and MPTP. For MPTP, the evaluation of the dose and KE sequence (response--response) consistency is particularly difficult, because: (1) MPTP needs to be enzymatically activated into the active toxicant MPP^+^ by brain glial cells; (2) once the active metabolite MPP^+^ has been formed, and the MIE occurred, the following KE can be initiated within a very narrow time window. Moreover, information on its uptake, conversion rates, transport within the brain, and its excretion, can have a significant influence on the AO, and such toxicokinetic factors might explain the intra- (mouse strains) and inter-species (rodents versus non-human primates) differences observed.

Altogether, if data are combined from multiple published studies, both rotenone and MPTP show a good response--response and temporal concordance. However, it remains unclear for MPTP, whether there are doses that trigger only early KEs without activating the AO (Table [3](#Tab3){ref-type="table"}). Although a wide variety of other complex I inhibitors have been described in the literature, these compounds were only rarely applied in studies linking information from isolated mitochondria, cell culture, and in vivo models.

Table 3Response--response and temporal concordance table for rotenone and MPTP/MPP^+^Rotenone concentrationKE 1 inhibition of C IKE 2 mitochondrial dysfunctionKE 3 impaired proteostasisKE 4 degeneration of DA neuronsAO Parkinsonian motor deficits5--10 nM in vitro \[1\]\[+\]\
4--72 h \[1\]\[+\]\
4--72 h \[4\]\[+\]\
24 h \[3\]----20--30 nM ex vivo, rat brain concentration \[4--5--2--6\]\[++\]\
4--72 h (4--5)\[++\]\
4--72 h \[4--5\]\[++\]\
24 h \[3--2--6\]\[++\]\
5 weeks \[2--6\]\[+++\]\
5 weeks \[2--6\]100 nM in vitro \[4\]\[+++\]\
4--72 h \[4\]\[+++\]\
4--72 h \[4\]\[+++\]\
24 h \[3\]Above the maximum tolerated dose in vivo\
\[2-6\]Above the maximum\
tolerated dose in vivo\
\[2-6\]MPTP administered doseMPP^+^ brain concentrationKE 1 inhibition of C IKE 2 Mitochondrial dysfunctionKE 3 impaired proteostasisKE 4 degeneration of DA neurons of nigrostriatal pathwayAO Parkinsonian motor symptoms1 mg/kg sc infusion \[1\]------\[+\]\
4 weeks\[1\]\[+\]\
4 weeks \[1\]No effect5 mg/kg sc infusion \[1\]------\[++\]\
4 weeks \[1\]\[++\]\
4 weeks \[1\]\[+++\]\
4 weeks \[1\]20--30 mg/kg sporadic ip injection (4 times every 2 h) \[2, 1\]47 μM \[2\]\
12 μM \[1\]\[+++\]\
4 h \[2\]\[+++\]\
4 h \[2\]\[+++\]\
4 weeks \[1\]\[+++\]\
1--4 weeks \[2,1\]\[+++\]\
4 weeks \[1\]Overview on the sequential concentration and time-dependent initiation of the individual key events. +, low severity score; ++, intermediate severity score; +++, high severity score. References: \[1\] Choi et al. ([@CR87]), \[2\] Betarbet et al. ([@CR45]), \[3\] Chou et al. ([@CR89]), \[4\] Barrientos and Moraes ([@CR26]), \[5\] Okun et al. ([@CR365]), \[6\] Betarbet et al. ([@CR43]), \[7\] Fornai et al. ([@CR153]), \[8\] Thomas et al. ([@CR486])

Link of the MIE to the downstream events of the AOP {#Sec38}
---------------------------------------------------

The MIE involves binding of an inhibitor to complex I, leading to the inhibition of complex I as KE 1. This appears as a rather unambiguous biochemical event but on closer inspection, these events are highly complex and a complete description and measurement in the context of the overall AOP is still missing. Mapping of the exact binding site would require confirmation from several independent laboratories, and the same applies to the type of changes in the mitochondrial respiratory chain that have a direct influence on downstream events of the AOP. In this context, it is important to stress again that complex I inhibition not only results in a reduction of mitochondrial electron transport, but also in an increase in superoxide formation. It is not clear whether all complex I inhibitors trigger these events at similar potency and efficacy ratios, and thus, whether all complex I inhibitors would lead to a similar activation of KE 2 and the AO. Low concentrations of complex I inhibitors were reported to evoke elevated superoxide formation by isolated mitochondria without significant influence on mitochondrial ATP generation. This aspect is of importance in light of observations indicating that in vivo models best reflect molecular events typical for PD following low-dose and chronic inhibitor infusion (Crawley [@CR98]). These examples illustrate the necessity for a quantitative assessment of the respective contribution of declined mitochondrial ATP generation and elevated mitochondrial superoxide formation upon complex I inhibition to neurodegeneration in models of different complexity (isolated mitochondria, cell cultures, in vivo models). The involvement of superoxide formation deserves even more attention, considering reports that illustrate a negative feedback inhibition of complex I by superoxide. As a consequence of the current inadequate knowledge on the roles of ATP and superoxide, defined no-effect levels for complex I inhibitors have not yet been established.

Potential branching of the AOP downstream of mitochondrial events {#Sec39}
-----------------------------------------------------------------

Impaired proteostasis (KE 3) comprises several complex biological processes involved in the formation, localization, and removal of proteins, in protein assembly (up to organelles), and in the removal of misfolded protein aggregates. Disturbance of proteostasis may follow different patterns. For example, axonal transport may be disturbed, while processes such as proteasomal degradation and removal of aggregated proteins function well. Alternatively, CMA may be disturbed, while other processes such as axonal transport maintain their functionality. At present, the literature provides mainly information on isolated aspects of KE 3, such as UPS and CMA activities. In the future, studies that focus on the particular role of these events in the AOP and compare different proteostasis processes would be desirable. At present, the KER linking mitochondrial dysfunction (KE 2) and impaired proteostasis (KE 3) and the KER linking impaired proteostasis (KE 3) and degeneration of DA neurons (KE 4) are characterized by a lack of quantitative threshold data from independent laboratories and complementary model systems. Such quantitative data would allow a sharper definition of the relationship between the respective KEs (when KE~up~ triggers KE~down~). The majority of information on impaired proteostasis included in the present AOP is based on studies with an explicit focus on the PD-associated protein ASYN, but not on the global cellular imbalance between the formation and degradation of misfolded proteins.

A further notable aspect is that KER 7 provides a direct link between mitochondrial dysfunction (KE 2) and the degeneration of DA neurons (KE 4), hereby circumventing KE 3 (impaired proteostasis). The rationale for KER 7 is based on observations indicating a direct link between KE 2 and KE 4 under conditions of severe mitochondrial dysfunction, e.g., evoked by an almost complete inhibition of complex I.

Feed-forward loop involving neuroinflammation {#Sec40}
---------------------------------------------

In contrast to the standard unidirectional chain of events requested by OECD guidelines for the organization of an AOP, the present AOP included a positive feed-forward loop involving neuroinflammation (KE 5). The inclusion of neuroinflammation as an independent KE was necessary and justified, as neuroinflammation alone is sufficient to evoke DA neurodegeneration, and neuroinflammation can be triggered by complex I inhibitors. However, quantitative information on the extent and type of neuroinflammation is currently not available. Furthermore, significant species differences with respect to the quantitative contribution of neuroinflammation and the mediators involved in DA neurodegeneration have been reported. In rodents, MPTP/MPP^+^-evoked neuroinflammation is mainly self-limiting after the acute phase of neurodegeneration, while it persists for years and even decades in monkey models and in humans. Despite serious attempts, it has not been possible to determine whether neuroinflammation occurs before or after neurodegeneration. The most likely reason for this is that low levels of neurodegeneration trigger neuroinflammation, and that neuroinflammation then triggers more neurodegeneration, so that these two events form a self-perpetuating vicious cycle (Schildknecht et al. [@CR432]). The feed-forward loop depicted in the AOP is the best representation of this pathogenic situation. In this context, it is important to note that other feed-forward loops play a role in this AOP. They are somewhat less prominent and have not been graphically represented, as they could be considered as modulatory events that are covered in the text descriptions. For instance, a self-amplifying feed-forward loop includes mutual interactions between mitochondrial dysfunction and impaired proteostasis. Experimental evidence suggests that disturbed proteostasis affects mitochondrial function (Sherer et al. [@CR447]). Such effects require more attention, if this AOP is used as basis for construction of a quantitative AOP or for a systems biology model.

Human disease symptom as AO {#Sec41}
---------------------------

It is important to distinguish between PD (a complex human disease with multiple symptoms and most likely multiple etiologic factors) and parkinsonian motor deficits (one distinct and sharply circumscribed feature of PD, but also of poisoning). A disease cannot be an AO, but a defined defect, just as a certain type of motor disturbance can be an AO. The type of motor dysfunction of interest here is characterized by problems with movement initiation and termination, much more than problems with the movement process as such. It is called here 'parkinsonian' as it is observed in PD, but similar defects are also found in other, not PD-related situations. PD is considered as a multifactorial disease. Consequently, the phenotype (pattern of symptoms) of individuals affected by parkinsonian motor deficits can vary significantly. Therefore, the AO of the present AOP does not cover the entire spectrum of PD-associated phenotypes. Other AOP would need to cover these, and they may have entirely different MIE and KEs.

Overall judgment and incorporation in larger networks {#Sec42}
-----------------------------------------------------

One of the cardinal aspects in the evaluation of an AOP is the question whether activation of downstream KEs, or the AO, can be prevented by experimental interference with an upstream KE. The essentiality evidence is important to assess the relative level of confidence of the AOP and, when considering all the elements on a rank order, it is secondary only to the biological plausibility for the KERs. Evidence of essentiality was considered "strong" if direct evidence was available in the literature from specifically designed experimental studies illustrating that KE~up~ was essential for at least one KE~down~ or the AO. Evidence was considered "moderate" if only indirect observations were available in the literature, illustrating that KE~up~ was essential for at least one KE~down~ or the AO. In this case, the experiments could not directly address the essentiality of KE~up~, but instead e.g., a modulatory factor for KE~up~. In other cases, a KE~up~ was directly modified, but the tool used was somehow ambiguous or only shown to work by correlation (not intervention). For instance, different approaches to block events associated with (or modulating) neuroinflammation by knockout of mediators (e.g., TNF-α) or by enzyme inhibition (e.g., cyclooxygenase) were found to prevent neurodegeneration. Evidence was considered "weak" if the available observations were contradicting, or if the approaches chosen were indirect and could be interpreted in different ways. Description of the elements supporting essentiality are here embedded in the text for empirical support, a summary of the key evidence and the trend for their weight is reported in Table [2](#Tab2){ref-type="table"}. According to this rule-set, the evidence for essentiality of KEs 1, 2, and 4 was considered "strong", while the evidence for essentiality of KEs 3 and 5 was considered "moderate" (Table [2](#Tab2){ref-type="table"}).

Although an AOP is an independent unit of information, networks of AOP formed by overlapping KEs are envisaged as a foundation for toxicological evaluations in the future. Quantitative information provided by the individual AOPs of an integrated network could provide a valuable basis for in silico modeling of cellular networks. For this reason, it is important to consider where the present AOP overlaps with other AOPs. KE 2 (mitochondrial dysfunction) was identified in nine other AOPs, where it plays different roles compared with the one described herein. KE 5 (neuroinflammation) is shared by three other AOPs (Fig. [1](#Fig1){ref-type="fig"}). Notably, none of these other AOPs has the same AO as described herein.

Regulatory and scientific context {#Sec43}
=================================

One of the primary objectives of the AOP framework is knowledge assembly, i.e., gathering information, attained through scientific research by subject-matter experts, for its accessibility to regulators during the decision-making process. To avoid any misunderstanding, it is important to clarify misconceptions about AOPs: (1) risk assessments cannot be based on AOPs alone, as they do not address exposure and toxicokinetic issues. AOPs inform on a potential hazard, and in this sense, AOP information can be integrated together with ADME information in an IATA approach; (2) AOPs are not testing strategies. AOPs are mainly assemblies of knowledge. This structured and quality-controlled information can aid the interpretation of high-throughput testing or pathway-based data, in the context of relevant apical hazards; (3) AOPs are not mode of action (MoA) analyses. The MoA framework, as applied in human health risk assessment, represents a systematic description and analysis of the means through which a specific chemical elicits an adverse effect in an organism. AOPs, which are intended to be generalizable to any chemical acting on a particular MIE (chemical agnostic) can be applied to MoA analysis, but the terms are not synonymous; (4) AOPs are not computational models. Rather, they are intended to promote qualitative understanding of how an alteration in a KE~upstream~ impacts downstream KEs, and consequently provide information that may be represented in the form of one or more computational models (Wittwehr et al. [@CR521]).

With regard to safety evaluation, AOPs may not comprehensively predict all toxicological outcomes. They do not solve all the challenges of in vitro to in vivo extrapolation. AOPs do not describe every detail of adverse and adaptive biology underlying an organism's response to a stressor. They cannot account for every aspect of individual variability nor for every environmental or life-history variable that may affect a toxicological outcome in real-world settings. They are, in short, simply a means to help organize what we know about how biological perturbations can lead to apical adverse outcomes, and use that information to aid regulatory decision-making. In this context, this would mean that the present AOP is useful as guidance to judge the action of complex I inhibitors, but it cannot help to understand other neurotoxicants or pathways that cause motor degeneration. As for any complex tool, there is a main intended application, which one needs to be aware of. Use of the tool for other purposes may yield bad results, but this does not mean that the tool is bad for its original purpose.

The regulatory implications of this AOP have already been discussed in detail (Ockleford et al. [@CR361]). Based on this AOP, it was concluded that if a chemical/pesticide triggers the MIE, it should be considered a risk factor for the development of PD.

Outlook {#Sec44}
=======

The inclusion of an AOP into the AOP Wiki platform allows an integration of novel findings into an existing AOP. However, this flexibility requires the commitment not only from the original authors but also from other experts in the field, to continuously adjust the existing AOPs. Due to the laborious and time-consuming update process, without the "reward" in form of a publication authorship, a realistic approach to ensure a contemporary integration of novel observations into existing AOPs needs to involve a funding program to motivate comprehensive and qualified updates in defined intervals. For the motivation of scientists to participate in the development of new, or in the update of existing AOPs, promotion of the AOP concept to boost its reputation and awareness by the scientific community is another essential prerequisite for the successful establishment of AOPs as an integral tool in modern toxicology. As a consequence of this, regular revision of AOPs should be envisioned to keep them updated in line with the progress made in science, knowledge, and methodologies. Without such measures, there is a high risk that scientific development and regulatory needs advance while individual AOPs become outdated. As this may affect regulatory decision-making, it is a serious concern that needs to be considered in the future.

This article is based on the activity of the EFSA working group on the link between plant protection products and Parkinson's disease and childhood leukaemia. The AOP on the development of parkinsonian motor deficits by mitochondrial complex I inhibitors can be found in its full entity as AOP 3 in the AOP Wiki.
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